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ABSTRACT
The aim of this work was to investigate the problems involved in 
production and separation of a yeast microsomal enzyme, cytochrome P450. 
Immobilisation of the microsomal preparation, and utilisation of the immobilised 
system for the removal of polycyclic aromatic hydrocarbons, particularly the 
carcinogen benzo(a)pyrene CB(a>P3, from aqueous systems was also investigated.
High recoveries of the microsomal enzyme were obtained using rapid, low- 
speed centrifugation <5 minutes, 3000xg> by prior precipitation with a non-ionic 
polymer, polyethylene glycol (PEG). PEG was found to effectively replace 
centrifugal acceleration. A semi-empirical mathematical model of the process 
based on the size distribution of the agglomerates formed and the proportion of 
the agglomerates sedimented by centrfugation was developed. The effect of PBG 
was consistent with its increasing the mean effective diameter of protein 
agglomerates in proportion to PEG concentration to an exponent of 0.619 and 
with its increasing the spread of the size distribution in proportion to the 
mean effective agglomerate diameter.
Binding spectra studies established that B(a)P binds to the active site of yeast 
cytochrome P450 and is unaffected by PEG. The B(a)P assay by fluorescence 
following hexane extraction was also unaffected by PEG. The stability of the 
microsomal cytochrome P450 preparation at different temperatures was 
investigated. The enzyme half-life was 66 minutes at 37° and was also 
unaffected by PEG. The enzyme preparation was satisfactorily immobilised by 
encapsulation in calcium alginate gel and enzyme distribution profiles were 
determined in sections of alginate stained with coomasie blue by a novel 
" technique using a scanning optical densitometer.
Diffusivity coefficients of B(a)P and 1TADP in alginate gel beads were determined 
as 7.5 and 2.5 x 10-1° m2/S, respectively by the Tanaka method, fitting solute 
depletion profiles to Crank’s theoretical model. The microsomal enzyme 
preparation immobilised in alginate beads was used to remove B(a)P from aqueous
solution. B(a)P removal was shown to be by a non-specific affinity absorption 
mechanism and the removal profile was found to correspond well to a theoretical 
model of a diffusion-react ion system, for an affinity ligand system. The 
activaiton energy for deactivation of microsomal P450 was measured as 
33.56k J/mole.
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RECOVERY OF M X GROSOMAT
CYTOCHROME E^ XSO EROM YEAST
X.X HTTRODUCTION
Yeast cytochrome P450 has been shown to have benzo (a)pyrene [B(a)P3 
hydroxylase activity. The scope of this project was to investigate the 
potential application of cytochrome P450 as an immobilised preparation for 
the removal of B<a)P from process streams.
The production of cytochrome P450 by fermentation is well characterised 
by co-workers in this department. The initial aim of the project was 
therefore to establish a method for the recovery of the intracellular 
enzyme from yeast. This method whould be rapid, inexpensive, give good 
recoveries and be suitable for large scale recovery. The aim was to produce 
a concentrated preparation of cytochorme P450 suitable for immobilisation. 
The purity of this preparation was not considered to be important.
Once the recovery protocol had been established it was intended to 
define the B(a)P hydroxylase activity of the P450 preparation with the 
diffusion constants of the substrate and co-factor so that the removal of 
B(a)P by an immobilised preparation could be studied and mathematically 
described using a diffusion-reaction model. In parallel with the diffusion- 
reaction studies a further aim was to fully characterise the selected 
support for the immobilisation to define the pore size and protein 
distribution profiles in the support.
1.1.1 EIZYME RECOVERY
The downstream processing of microbial cells for the recovery of active 
enzymes is achieved using a number of methods in a multi-step procedure. 
These methods take advantage of the characteristic properties of proteins 
such as size and shape, molecular charge, chemical reactivity and 
biochemical specificity. The methods employed in a process depend on the 
nature of the starting material, the nature of the enzyme to be recovered, 
and the required specification of the product in terms of purity and 
concentration. In this section, several alternative recovery methods are 
identified and tested for the recovery of microsomal cytochrome P450 from 
yeast.
Purification of an enzyme must not be confused with concentration. The 
farmer can be defined as the quantity of enzyme (mass or catalytic 
activity) per unit mass whereas concentration is defined as quantity of 
enzyme per unit volume. Purification steps involve separation of the enzyme 
of interest from other enzymes and biopolymers to provide a preparation of 
high specific activity, expressed as units of enzyme/mg protein. A 
concentration step usually follows the purification in which a solvent 
(usually water) and inorganic salts are separated from the enzyme to yield 
a preparation of high purity and concentration. The overall efficiency of 
these steps is measured in terms of active enzyme recovery. If 
concentration of the enzyme is of primary consideration the purification 
steps may be omitted, and vice versa.
Process conditions must be controlled to ensure a constant environment 
of pH, ionic strength and temperature to minimise denaturation of the 
enzyme. As most intra-cellular enzyme recovery processes deal with water- 
soluble enzymes, the optimum process conditions can be specified and 
controlled. However membrane-bound enzymes, such as cytochrome P450, must 
be solubilised by the addition of detergent prior to purification by 
existing techniques. In the experience of the author, the solubilised enzyme, 
once removed from its natural membrane environment, may undergo higher 
rates of denaturation than the membrane-bound microsomal form (Azari &
Wiseman, 1982a). Enzyme recovery will thus be less efficient and the 
necessity of enzyme purification may be reconsidered.
1.1.2 PARTniOI
The use of solvent extraction of a component from an aqueous solution 
is a well established unit operation in chemical engineering. The basis for 
separation by a two-phase system is the selective distribution of 
components between the phases. This partition is characterised by the 
partition coefficient K:
K = C*. / Ct>
Ct, and Ct, are the concentration of the solute in the upper and lower 
phases, respectively.
Aqueous two-phase or multi-phase systems are farmed as a result of the 
so called ’incompatibility of polymers' (Albertsson, 1971). When applied to 
biological systems, the phase separation may result in a solute (enzyme) 
distributing itself unequally between the two phases. The partition 
coefficient describes the distribution of the enzyme between the two phases. 
Different components of the aqueous solution may have differing partition 
coefficients and thus separation of the components of a solution can be 
achieved. Purification of an enzyme can thus be achieved using a number of 
such partition steps.
The pioneers in the field of extraction of enzymes in aqueous two-phase 
systems are K.H. Kroner and his co-workers. Using dextran T500-poly- 
ethylene glycol (PEG)C4003 two-phase systems they showed that separation 
depended an a number of parameters (Kroner et al, 1978):
1. Species and concentration of the polymers composing the
two-phase system
2. Average molecular weight of the polymer
3. Species of ions used in the system
4. Ionic strength
5. pH value
6. Temperature
Kroner et al (1978) demonstrated that liquid-liquid partition was 
suitable for large scale use in enzyme isolation processes in their study 
on PEG/dextran partition of a glucosidase from Saccharomyces 
carlsbergensis. They showed that the method was particularly suitable for 
the extraction of enzymes from crude cell preparations using existing 
commercial centrifuges.
Further work by the same group (Hustedt et al, 1978) on the 
simultaneous extraction of pullulanase and 1-4-a glucan phosphorylase from 
Klebsiella pneumoniae using a series of partition steps showed that two- 
phase separation methods could be applied as a cell debris removal step at 
the start of a process with subsequent partition steps used for final 
product purification.
Yields of up to 75% of technical grade formate dehydrogenase were 
attained using a PEGC4003-potassium phosphate two-phase system (Kroner et 
al, 1982).
Two-phase aqueous extraction using PEG yields a final solution rich in 
the desired component but containing high concentrations of residual PEG 
(up to 18%). This polymer must be removed prior to use or marketing of the 
enzyme which thus necessitates a further separation step, such as 
ultrafiltratian or dialysis. A further disadvantage of liquid-liquid 
partition extraction is that the final preparation may not have resulted in 
concentration of the desired component, although significant purification 
may have occurred. A further concentration step is thus required.
The main practical reason why this technique was not pursued was that 
any residual phosphate left in the cytochrome P450 solution following a 
partition step would interfere with the subsequent calcium alginate 
immobilisation procedure. The time consuming dialysis or diafiltration to 
remove the phosphate would result in denaturation of the microsomal 
cytochrome P450.
The partition of protein between phases as described previously depends 
on a number of factors that include polymer concentration, temperature,
polymer nature, pH, protein net charge and hydrophobicity (Mattiasson &
Ling, 1987). The partition effect for a given two-phase system will be 
entirely dependent on protein nature. Thus the partition coefficient in the 
pullulanase extraction was found to be approximately 3 (Hustedt et al,
1978). The partition coefficient can be increased to approximately 40 (Lowe, 
1984) by introducing a specific ligand (for the target enzyme) that is 
bound to the polymer. Some work has been done on the use of a triazine 
dye-PEGC6000] conjugate. Johansson & Flink (1984) reported over 40-fold 
purification of phospho-fructokinase in a PEG Cibacron blue-dextran system. 
The use of dextran in two-phase systems is the principal drawback to this 
technique. The high cost of using purified dextran can be overcome by using 
crude dextran but little information has been published on the effect of 
crude dextrans on partition phenomena.
1.1.3 CHROMATOGRAPHY
Chromatography is a general term applied to the separation of 
components of a complex mixture by differential distribution of components 
between the solid and mobile phase. This versatile technique has become 
established as an important tool in enzyme purification processes. The 
application of chromatography on an industrial scale can be conveniently 
grouped into three sections relying on physical (size exclusion 
chromatography), chemical (ion exchange), and biochemical (affinity) 
properties of the protein.
Size exclusion chromatography media are usually cross linked dextran or 
polyacrylamide gels with a dry bead particle size ranging from 20 to 150pm. 
The beads are graded according to their porosity with quoted fractionation 
ranges from 5000 to 600,000 MW. A column containing dextran gel with a cut 
off of 5000 MW would allow all solutes of less than 5000 MW to enter the 
dextran particles. Higher molecular weight solutes would be excluded from 
the particles and thus pass through the column void volume only. The low 
molecular weight solutes which enter the dextran particles would be 
retarded due to the larger volume (void volume + bead volume) through which 
they are able to travel. The basis for protein fractionation is thus on 
molecular size and shape. However, non-specific protein binding to the
support can reduce the efficiency of fractionation. The physical properties 
of size exclusion chromatography media are poor when applied to the 
process scale. The support porosity suited for most enzyme applications is 
greater than 50,000
KV cut off. Support rigidity at these porosities is markedly impaired 
(Janson, 1984). Therefore the process use of size exclusion chromatography 
is generally reserved for de-salting operations or the separation of low 
molecular weight proteins such as insulin. Size exclusion chromatography is 
most unsuitable for applications such as the concentration of microsomal 
cytochrome P450 since the load to the gel filtration column will be 
particulate which will cause column blocking. For a gel filtration step to 
be possible it would be necessary to solubilise the microsomal cytochrome 
P450 which in the author’s experience, has an adverse effect on stability of 
the enzyme.
Ian exchange chromatography separates protein components on the basis 
of net molecular charge. The most commonly used supports are cellulose or 
dextran (Bite et al, 1987) which are derivitised with compounds containing 
ionisable functional groups such as: -SO3H, -CQOH, -OH or IH2. Proteins with 
a net charge complementary to the support functional groups will combine 
with the support whilst other proteins will be rejected and thus separated 
from the bound material. The bound material can then be recovered from the 
support by changing the ionic strength or pH using one of two schemes as 
fallows. A step change in pH or ionic strength to a level where the bound 
material is released can be achieved simply by washing the support with an 
appropriate buffer (Johansson et al, 1987). Thus all bound material is 
eluted resulting in a partial purification of the product. This scheme can 
be used in a batch process or a column system. Alternatively a gradient 
elution profile can be used by pumping a buffer of increasing ionic 
strength or pH through a column. Taking an ideal example, the product may 
be desorbed at an ionic strength of 0.2M. The gradient may start at 0.01M 
and increase to 0.2M (non-product protein is desorbed and separated from 
the product). At 0.2M the product is desorbed and fractions collected. By 
increasing the ionic strength to 0.6M further non-product protein is eluted. 
Column media are generally microgranular beads with a good mechanical and 
chemical stability. However flow rates through the bed will be adversly
affected if the applied material contains particulate matter. Therefore ion 
exchange column chromatography is typically applied in the latter stages of 
a purification process where the product has already been partially 
purified.
Affinity chromatography uses the highly specific biological interaction 
that exists between enzyme and substrate or protein and antibody to 
selectively absorb and retain the enzyme on a stationary support. The term 
’molecular recognition* is used to describe the specific biological 
interaction and results in attractive forces between liquid and protein 
(Coulombic forces, van der Vaals forces, hydrogen bonding or hydrophobic 
bonding). The natural specificity of enzymes arises from the particular 
conformation of an enzyme’s active site which favours the binding of a 
substrate with a complementary structure (Chaiken et al, 1983). Once 
absorbed on to the support-ligand matrix, the enzyme can be eluted by 
changing the pH or ionic strength of the system. The principal application 
of affinity chromatography is to provide a final purification step in a 
multi-step purification procedure. Hon-specific binding of other compounds 
to the support matrix or ligand would result in an impure eluate assuming 
a complex mixture of proteins/lipid/nucleic acids was applied to an affinity 
column. A non-solubilised microsomal enzyme preparation is a complex 
mixture of enzymes in a lipid matrix. Thus specific interactions between an 
enzyme in a lipid matrix and an affinity ligand would be very limited. The 
application of affinity chromatography to crude microsomal enzyme 
preparation would be of little value in terms of concentration or 
purification of the enzyme of interest.
1.1.4 ULTRAF ELTRAT101
An ultrafiltration membrane is a synthetic polymeric membrane with 
pores of diameter 50-500nm running through it. A conventional macroporous 
filter collects gross particulates on the filter whilst allowing solutes and 
solvents to pass through. The ultrafilter acts in a similar way allowing 
solvent molecules and molecules small enough to pass through the membrane 
pores to be collected as the filtrate. Larger molecules are collected on the 
surface of the ultrafilter membrane. The principal use of ultrafiltration in
separations is in the concentration of dilute macromolecular salutes by 
using a membrane of the appropriate pore size to retain the macromolecule 
whilst allowing the solvent to pass through. However, by specifying the 
correct average pore size a good molecular fractionation of solutes can be 
achieved. Ultrafiltratian has many characteristics which make it 
particularly useful in enzyme concentration and purification steps. It is 
economical, rapid, gentle and non destructive, requires no chemical reagents 
and can be carried out at constant ionic strength and pH. Good recovery of 
the enzyme should thus be achieved. Ultrafiltration systems have, however, 
serious practical limitations. The term ’fouling1 is used to describe the 
loss of performance of a membrane system with time which cannot easily be 
regained except by cleaning. Fouling of ultrafiltration membranes has been 
explained in terms of the build up of a gel layer on the surface of the 
membrane (Howell et al, 1981). The gel layer results in a decrease of flux. 
Consolidation of the gel layer coupled with plugging of membrane pores by 
solutes and adsorption of solutes onto the membrane (Belfort & Altena,
1983) results in a steadily decreasing flux as the ultrafiltration process 
proceeds. The application of conventional ultrafiltration to a crude protein 
mixture such as a cell homogenate is therefore impracticable due to the 
particulate nature of the material. For this reason the application of 
ultrafiltration for the recovery and concentration method for cytochrome 
P450 was not attempted.
1.1.5 SEDDGBITATIOI
In theory, the sedimentation of a component from solution will occur 
when the density of the component (hydrated or otherwise) exceeds the 
density of the solution. Settling under gravity can then occur. In practice, 
sedimentation under gravity has a practical lower limit when small 
particles sediment so slowly under gravity that the effect is countered by 
mixing due to diffusion, convection and Brownian movement (Shaw, 1970). 
Bratby (1980) classifies a range of particle sizes and compares settling 
times. In general terms, as the particle size decreases so the settling time 
under gravity increases. Thus the sedimentation time of a dispersion can be 
reduced by performing the process under a high gravitational field, as in a 
centrifuge, or by increasing the particle size of the dispersion.
1.1.5.1 CESTRIFUGATIOR
The theory of centrifugal sedimentation is well established and has 
been discussed in detail by many authors (Jury & Locke, 1957; Ambler, 1952). 
In simple terms the theory states that a particle will sediment with an 
equilibrium velocity v0 according to Stakes law:
Vo = d2Ap o2r 
18p
a)2r = angular acceleration m/s2
Ap = density difference between aggregate
and solute (Kg/m3) 
d = particle size (m)
p. = viscosity (JTm/s2)
This simple treatment assumes non-hindered settling, low speed settling, 
negligible diffusional effects and no effects from the proximity of the 
vessel surface. In practice all of these effects can be observed and the 
choice of centrifuge and operating conditions must be made carefully to 
ensure maximum particle recovery. The choice of industrial centrifuge will 
largely depend on the volume of material to be processed and the 
centrifugal force required to sediment particulate matter. Tubular bowl 
centrifuges are operated in a batch mode whereby the machine must be 
stopped and the bowl disconnected from the drive system and removed for 
manual solids recovery. Solids capacity of this type of centrifuge is low 
(~ 10 Kg) but product de-watering is excellent due to the ’high' g force 
generated (~ 9000g). Increased throughput results in a decreased residence 
time thus typical operating flow rates are 300-1000 ml/minute depending on 
the nature of the material being processed. A multichamber centrifuge gives 
similar clarification efficiency to a tubular bowl but has a much higher 
solids capacity. The good performance of this design of centrifuge is 
achieved by the long residence times of material in the bowl. Solids 
capacity is approximately 60Kg and, as with the tubular bowl, residence 
time is governed by feed flow rate. The principal operational disadvantage 
of a multichamber centrifuge is that it is a batch operated machine and 
must be dismantled for solids recovery. Disc stack intermittent discharge 
centrifuges operate on a continuous basis at high RCF (10,000-15,OOOg). 
Excellent clarification efficiency is achieved due to the small
Footnote: RCF is the relative centrifugal force.
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sedimentation distances in the disc stack and large surface area presented 
by the disc stack. Precipitates collect on the stack and are periodically 
discharged. The discharge sludge has a lower solids content than the firmer 
paste collected from a tubular bowl or multichamber machine.
1.1.5.2 COAGULATIOI ABD FLOCCULATIOA
As discussed above the rate of sedimentation in a centrifuge is 
proportional to the square of the particle diameter. Hence a ten-fold 
increase in particle size will give a hundred-fold increase in sedimentation 
rate assuming the Ap and /i values stay constant. The particle size of a 
dispersion may be increased by the processes of flocculation and 
coagulation. Bratby (1980) defines coagulation as the process whereby 
destabilisation of a given suspension or solution is effected. Flocculation 
is then defined as the process whereby destabilised particles are induced 
to come together, make contact and thereby form agglomerates. The mechanism 
of coagulation will depend on the type of dispersions (hydrophobic or 
hydrophilic) and the agent responsible for promoting the process. If the 
dispersion is sufficiently destabilised for adjacent particles to approach 
close enough together to overcame the peak in the total energy interaction 
curves (Fig. 1.1), then the attractive London-Van der Vaals forces can hold 
them together. The mechanism of destabilisation is believed to be due to a 
reduction of the effective surface charge by reducing the zone of influence 
of the surface charge and/or a reduction of the number of absorbed water 
molecules and the disruption of the zone of ordered water structure. These 
electrostatic effects in coagulation, although important, may be of 
secondary importance if the coagulant is polymeric in nature. In this case 
the dominant mechanism may be one of bridging between adjacent particles, 
with adsorbed polymers farming these bridges.
It is well to point out that most authors do not distinguish between 
the terms coagulation and flocculation but combine them to give the more 
general term, precipitation.
The following sections deal specifically with the classes of compounds 
used in industrial processes, for example organic compounds such as
methanol, ethanol and acetone, inorganic compounds such as ammonium 
sulphate and calcium chloride, and polymers such as dextran and PEG used in 
the recovery of complex molecules such as proteins.
1.1.5.2.1 SALTS AID KETAL IOVS
The solubility of a protein is dependent on the ionic strength of the 
solution. At very low ionic strengths some proteins show very low 
solubilities which increase with increasing ionic strength to maximum 
solubility. Any further increase in ionic strength from that point will 
result in a decrease in solubility. The phenomonen of increasing solubility 
with ionic strength is known as ’salting in’ and the opposite where protein 
solubility decreases with ionic strength is known as ’salting out’. The 
selective precipitation of proteins by 'salting out’ is a widely used 
laboratory technique which has also found industrial applications. The 
precise mechanism by which a high salt or metal ion concentration promotes 
aggregation and precipitation is still poorly understood (Bell et al, 1983). 
It has been observed that neutral salts differ in their effectiveness in 
salting out and so give rise to the lyotrophic series:
CITRATE
PHOSPHATE
SULPHATE
ACETATE
CHLORIDE
HITRATE
THIOCYAHATE
effectiveness in 
salting out
This series remained solely empirical since Hoffmeister’s discovery 
(Hoffmeister, 1888) until an attempt was made (Kelander & Horvath, 1977) to 
explain the mechanism in terms of a balance between electrostatic effects 
of the salt (salting in) and hydrophobic effects, giving rise to salting 
out. At high salt concentrations the attractive farce between hydrophobic 
areas of adjacent proteins is increased due to greater induced dipoles, 
whereas the repulsive force between the particles is also increased due to 
the further development of like charges. The overall salting out effect will
depend on the sum of these two effects and will increase for a given salt 
concentration as to its position in the lyotrophic series.
The mechanism of salting out by ammonium sulphate has been 
investigated by Foster et al (1971) using yeast alcohol dehydrogenase and 
fumerase. They concluded that the process could be adequately described by 
the empirical Cohn Equation:
Log S = £ - KI S
I
K
fS was found to be a function of the salt-protein contacting procedure used.
Many polyvalent metals form salts with the amino acid groups of 
proteins which are markedly less soluble than either the free acid or 
sodium and potassium salts. Thus such cations as Zn2"*, Ca2-* and Ba2_h have 
been used to induce the precipitation of protein (Morris & Morris, 1964). An 
important feature of these complexes is that their solubility is strongly 
influenced by the dielectric constant. Thus the addition of such ions gives 
superior protein fractionation using low ethanol concentrations as the 
agent for lowering the dielectric constant. Cinti et al (1972) used CaClz 
for the precipitation of rat liver microsomes. Thus microsomal enzymes were 
prepared using a maximum of 27,000g for 15 minutes against the procedure 
used hitherto of 105,000g for 1 hour (Remmer et al, 1966). The practical 
limitation to the use of salts or metal ions in protein precipitation is the 
solubility of the compound. Higher temperatures can often increase the 
protein denaturation rate and so this method must be performed at or below 
ambient temperature. Ammonium sulphate is often the salt of choice due to 
its low cost and high solubility. However it is a corrosive material and is 
difficult to handle and dispose of. The use of ammonium sulphate in food 
processes is limited because it can be detected at low levels in food and 
is toxic with respect to clinical use (Bell et al, 1983).
= solubility 
= ionic strength 
= characteristic coefficient 
= characteristic coefficient
1.1.5.2.2 ADDITIOI OF OEGASIC SOLVEITS
The addition of an organic solvent such as methanol, ethanol or acetone 
to a protein solution results in a lowering of the protein solubility. This 
is due to the lower dielectric constant of the solvent reducing the 
dielectric constant of the solution thus increasing the intermolecular 
electrostatic attractions. The increased electrostatic forces allow adjacent 
molecules to aggregate and so precipitate (Anson & Edsall, 1947; Singer,
1962). This method has been widely used, particularly in the fractionation 
of human plasma (Anson & Edsall, 1947). The method,can be further refined 
by the addition of neutral salts which ’salt in’ the protein. Thus the 
degree of precipitation of a particular protein fraction can be controlled 
by balancing the precipitating action of ethanol and the ’salting in’ effect 
of the neutral salt. The balance is a function of ethanol concentration, 
salt concentration, pH and temperature.
Organic solvent precipitation has an important practical advantage over 
ammonium sulphate precipitation. Because of the low density of solvent- 
water solutions relative to high salt concentrations, the centrifugal time 
and speed required to sediment the precipitate is reduced. Furthermore it is 
possible to recover the solvent by conventional distillation (Kaufman,
1971). However the industrial use of organic solvents in protein recovery 
has several important disadvantages. Plant capital costs will be increased 
due to the safety features required in any process using flammable solvent, 
and the addition of solvent to the protein solution resulting in increased 
volume of material to be processed. Likewise the disposal of solvent- 
containing effluent and/or the recovery of solvents from effluent will add 
to both plant capital and operating costs. The major potential problem lies 
in the denaturation of protein by the process. This occurs for two reasons.
Firstly the addition of large volumes of solvent will, even in the best 
mixed vessels, resulting in regions of high concentrations of solvent which may 
have an adverse effect on the protein. Secondly, the addition of solvent to an 
aqueous solution will result in the release of considerable amount of heat of 
mixing which can have a denaturing effect on the protein.
1.1.5.2.3 ISOELECTRIC PRECIPITATE®
Isoelectric precipitation is a phenomenon encountered when the pH of a 
protein solution is adjusted to the point where the protein has a zero net 
charge. At this point the protein will have a minimum solubility and so 
will be liable to precipitation. This method, which is of particular 
application to hydrophobic protein (Bell et al, 1983) has been successfully 
used by Fry & Bridges (1975) to sediment microsomal material. They 
succeeded in reducing microsome preparation time from 2 hours to 40 
minutes without the need for high speed centrifugation. The principal 
disadvantage of this method is that the isoelectric point may be at a pH 
where the protein is readily denatured. In the work of Fry & Bridges (1975) 
on isoelectric precipitation of cytochrome P450 from rat liver microsomes 
they found a large increase in the peak at 420nm which indicated a degree 
of denaturation of cytochrome P450.
1.1.5.2.4 IOI-IOIIC POLYMERS
Hon-ionic polymers are those which do not form ions in solution and 
thus do not interact electrostatically with solutes. The principal polymer 
studied in this class is PEG although some work has been carried out on 
dextran (Poison et al, 1962; Edmond & Ogston, 1968). The majority of 
qualitative work on protein precipitation by non-ionic polymers has been 
carried out on human plasma (Iverius & Laurent, 1967; Poison et al, 1962; 
Ingham, 1978; Honig & Kula, 1976; Hasko et al, 1982). Laurent (1963) 
investigated the interaction of dextran with protein and its effect on 
protein solubility. He concluded that protein was farced from solution as a, 
result of steric exclusion by the polymer. Poison et al (1964) compared the 
solubility of several high molecular weight polymers (PEG, dextran, 
nonylphenyl ethoxy late, polyvinyl alcohol and polyvinyl pyrralidone). He 
concluded that PEG was the most suitable polymer on the basis that its 
solutions were less viscous and caused virtually no denaturation at room 
temperature. They further concluded that protein fractionation was more 
pronounced at higher polymer chain lengths, Iverius & Laurent, (1967), in 
work on human plasma, found that results correlated well with the theory of
steric exclusion proposed by Laurent (1963). Edmond & Ogston (1968) 
challenged this theory and presented a description of the process in simple 
thermodynamic terms. They suggested that when there is an increase in the 
chemical potential of one solute in the presence of an other which leads to 
its value exceeding that of the corresponding solid phase, assuming this 
occurs within the region of the phase diagram that is stable with respect 
to the separation of liquid phases, then precipitation of solid phase will 
occur before liquid phase separation. This represented the first valid 
attempt to explain the action of PEG in precipitation of proteins. Juckes 
(1971) working with brome grass virus, haemoglobin, ovalbumin and bovine 
serum albumin (BSA) found that the precipitation could be described by an 
equation of the same form as the ’salting out* equation first used by Cohn 
(1935). However the equation was derived by Juckes on the assumption that 
the precipitation was due to steric exclusion, thus further vindicating the 
original hypothesis by Laurent (1963). Foster et al, (1972) using PEG with 
alcohol dehydrogenase, fumarase and invertase from yeast also found that an 
equation analogous to Cohn’s could be used to describe the precipitation. 
Their work indicated that temperature, ionic strength, pH and protein 
concentration were important variables to be considered in the 
precipitation. PEG is commercially available as compounds of molecular 
weight from 400 to 10,000. Honig & Kula (1976) showed that increasing 
specificity of fractionation of a protein mixture could be achieved using 
decreasing average molecular weight of PEG. Ingham (1977) in fundamental 
work on the mechanism of PEG precipitation, found that solvent perturbation 
(changes in dielectric constant) was the precipitating effect up to PEG 
molecular weight 400. At higher PEG molecular weights Ingham proposed that 
the mechanism was one of steric exclusion with an additional effect of PEG 
and protein competing for water of hydration within the solution. Further 
work by Ingham (1978) confirmed the findings of Foster et al (1973) that 
the precipitation was dependant on pH, temperature and ionic strength.
Hasko et al (1982) modelled the precipitation in terms of the plasma 
protein solubility at various pH values as a function of PEG concentration.
The semi-empirical model was of similar form to the expression derived by 
Juckes (1971):
ln(l - C> = -K* + b [lnCS - S.)] L K* ° C h a r a c t ^ lo^cmgt^tjgfJtosgtenl
C = PEG concentration 
S = protein concentration 
Sv = final protein
concentration (unaffected 
by further PEG addition)
| b = Characteristic constant of the system j
They concluded that a PEG precipitation could not give a pure fraction 
in a single step. Knoll & Hermans (1983) using BSA and PEG [10003, [75003,
[190003 and [100,0003 investigated BSA solubility at varying PEG 
concentration. They concluded tliat the steric exclusion model successfully 
accounted for their observation. The advantage of PEG as a precipitant is 
the protective effect it seems to offer proteins resulting in low rates of 
denaturation (Poison et al, 1962). The precipitation is strictly reversible.
1.1.6 FOAM FKACT10VATIOH OF PKOTEH
Foam fractionation of complex solutions must immediately be 
distinguished from froth flotation which is used to separate or concentrate 
particulate matter. Foam fractionation of biological materials utilises 
differences in surface activity of different components in a solution. When 
a surface is created in a solution containing surface active material, the 
surface active molecules diffusing to the surface will tend to remain there, 
forming a surface excess and increasing their concentration near the 
surface (Thomas & Vinkler, 1977). The foam is recovered and purifications 
of up to 20-fold have been operated (Schnepf & Gaden, 1959). Foam 
fractionation of complex enzyme mixtures has not been pursued as thoroughly 
as other methods of protein fractionation. This is probably due to the 
problems of enzyme denaturation produced by the surface stresses a large 
molecule would experience at an interface. However little quantitative data 
is available to support this belief.
l.S MATERIALS &  METHODS
1.2.1 PREPARATIOI OF CLARIFIED YEAST DISRUPTATE
The yeast was harvested when its level of cytochrome P450 reached a 
maximum, after 24-44 hour fermentation. It was transferred to 1-litre 
bottles for centrifuging at lOOOg, 4°C for 5 min in an MSE ’Coolspin' 
centrifuge. The yeast sediment was resuspended in 0.1M Tris buffer, pH 7.1, 
containing 0.001M dithiothreitol, to give a final concentration of 
approximately 250g yeast (wet weight)/litre. Tris buffer was used in 
preference to phosphate buffer as phosphate interferes with subsequent 
immobilization of the enzyme preparation.
The yeast suspension was disrupted in an APV Manton-Gaulin homogenizer at 
60MPa. The disruptate was collected in an ice-cooled container and 
centrifuged at 1500g for 5 minutes to sediment intact cells and cell 
debris. The supernatant was retained and the sediment was resuspended to 
approximately 15% (wet w/v) in the buffer. The resuspended sediment was 
passed through the homogenizer at a pressure of 60HPa. The disruptate was 
centrifuged at 1500g for 5 minutes and the supernatant was combined with 
that from the first pass. The combined supernatants were frozen at -80°C in 
20ml plastic tubes and stored at this temperature until required. Prior to 
use the required number of aliquots were thawed slowly at ambient 
temperature, combined and assayed spectrophotometrically for cytochrome 
P450 by the method of Omura & Sato (1964).
1.2.2 MEASUREMEMT OF CYTOCHROME P450 - METHOD OF OMURA & SATO <1964)
Yeast broth (20ml) was centrifuged at full speed in an MSE bench centrifuge 
to recover the cells. The supernatant was discarded and the cells were 
suspended to 20ml with distilled water. Two cuvettes (3ml) were filled with 
the resuspended cell preparation. Carbon monoxide (CO) was added to one of 
the cuvettes at a rate of one bubble per second via a Pasteur pipette 
attached to tubing from the CO cylinder. The supply was regulated by a 
control valve on the cylinder. After 30 seconds the sample cuvette was 
removed from the CO supply and placed in the sample cell of a
spectrophotometer (Unicam SP1800). The other cuvette was placed in the 
reference holder. The sample was scanned from 400nm to 500nm. The peak at 
450nm was measured in absorbance units and by using the known extinction 
coefficient the concentration of cytochrome P450 (nmol/ml) could be 
established.
1.2.3 PARTITION OF CYTOCHROME P450 US IMG PEG- PHOSPHATE SYSTEMS
The experiment was performed on both microsomal preparation and a 
solubilised preparation. The preparation was solubilised by the addition of 
17* sodium cholate and stirred for 1 hour in a cold room. Potassium 
phosphate was added to the samples to give a final concentration of 12, 14, 
16, 18 and 20% (w/v). Appropriate amounts of PEG were added to the 
potassium phosphate solution to yield the same concentration. The tubes 
were mixed thoroughly to allow the complete solution of the solutes and 
then left to settle in a cold room. The PEG-phosphate concentration was 
selected from the appropriate phase diagrams (Albertsson, 1971; Fig. 1.2) to 
ensure good phase separation. After approximately 14 hours, the two phases 
had separated, the top layer being the PEG-rich phase. The layers were 
separated by Pasteur pipette and assayed for cytochrome P450 using the 
method of Omura & Sato (1964).
1.2.4 AMMOMIUM SULPHATE PRECEPITATIOI - PRELIMINARY STUDY
Ammonium sulphate precipitation of yeast cytochrome P450 has been 
successfully used in the work of Azari & Viseman (1982b). This work used a 
partially purified preparation of the enzyme as the starting material. It 
was thus thought worthwhile to attempt an ammonium sulphate precipitation 
on the clarified disruptate to assess the feasibility of recovering yeast 
cytochrome P450 by this method.
This preliminary study used both solubilised and non-solubilised 
disruption preparation. Solubilisation was carried out by adding 1% sodium 
cholate to the disruption preparation and stirring for 1 hour at 8-12°C. 
Ammonium sulphate was added as a powder to a final concentration of
415g/litre. The pH was kept constant at 7.0 by the addition of 0.2H 
ammonium hydroxide. The ammonium sulphate preparation was stirred for 1 
hour in a cold room and then centrifuged at 9000rpm in an MSE bench 
centrifuge to sediment the precipitate. Due presumably to the density of the 
preparation, the precipitate could not be sedimented by centrifugation. 
Therefore the precipitate was recovered by filtering the preparation 
through a celite filter on a Buchner flask. The celite was then removed 
from the filter funnel and a minimum volume of 0.1M phosphate buffer, pH 
7.0, was added to the celite. The protein precipitate was removed from the 
celite by stirring and the celite was sedimented by centrifuging at 2000rpm 
far 5 minutes. The protein solution sa recovered consisted af the protein 
precipitated by the ammonium sulphate. Cytochrome P450 was assayed at all 
stages of this process by the method of Omura & Sato (1964).
1.2.5 PEG PRECIPITATION - PRELIMINARY STUDY
PEG precipitation of protein is a well established technique although it
has not hitherto been applied to microsomal cytochrome P450. It is
recognised as a particularly gentle method of protein precipitation 
resulting in high yields of active product. Solubilised and non-solubilised 
preparation were used. PEGC60003 was dissolved in buffer to a final 
concentration of 50% (w/v). This solution was added to disruptate 
preparation to yield a final concentration of 20% PEG (w/v). After stirring 
in a cold room for 1 hour this solution was then centrifuged at 5000g for 
10 minutes. The sediment was resuspended in a minimum of 0.1M phosphate 
buffer, pH 7. Cytochrome P450 was assayed at all stages by the method of 
Omura and Sato (1964).
1.2.6 PEG PRECIPITATION OF PROTEIN AND CYTOCHROME P450
The precipitation of yeast cytochrome P450 by PEG was further
investigated with the aim of establishing the relationship between PEG
%(w/v) added, and protein and cytochrome P450 recovered. Potassium
phosphate buffer (0.1 M, pH 7.1) was used throughout this study. The 
disruptate preparation was prepared as previously described (2.2) and 
frozen in 20ml plastic tubes at -80°C for storage until required. Frozen 
samples were removed from the -80°C freezer and allowed to thaw at room 
temperature, combined and assayed for cytochrome P450 and protein. PEG was 
added to 100ml samples' to yield final concentrations of 1, 2, 4, 6, 8, 10 
and 20% (w/v) and stirred far 1 hour in a cold room. The solutions were 
transferred to 250ml centrifuge bottles and centrifuged for 20 minutes at 
2300g in a Beckmann J21 centrifuge. The sediment in each bottle was 
resuspended in 25ml phosphate buffer and assayed for protein and 
cytochrome P450. The supernatant volume was measured and also assayed for 
protein and cytochrome P450. Protein was measured using the method of 
Lowry et al, (1951).
1.2.7 EFFECT OF RCF 01 PEG PRECIPITATION OF CYTOCHROME P450
The effect of different PEG concentrations combined with different RCF 
values in cytochrome P450 precipitations was then investigated using a 
different batch of disruptate from that used in the previous study (1.2.6). 
Samples (10ml), stored and prepared as previously described, were treated 
with PEG to yield final concentrations of 0.5, 0.8, 1.8 and 3% (w/v). PEG 
was dissolved by mixing the tubes on a 'Whirlimix* and allowing them to 
stand for 30 minutes in a cold room prior to being centrifuged at RCF 
values between 500 and 3000g for 5 minutes in an MSE ’minor’ centrifuge.
The sediment was resuspended to 10ml in 0.1M Tris buffer pH 7.1 and 
assayed for cytochrome P450. Similarly supernatant cytochrome P450 levels 
were determined.
Sedimentation time is an important parameter in centrifugation studies 
but for the purposes of this study it was kept constant at 5 minutes. This 
prevented the sample from warming up in the uncooled centrifuge which could 
have accelerated denaturation of cytochrome P450.
X - C3 RESULTS
13.1 PARTITION - PRELIMINARY STUDY
The partition system containing PEGC6000], KHzPO* and disruptate 
appeared homogenous after mixing thoroughly using a ’Whirlimix’. The tubes 
were left overnight in a cold room and were found to have settled into 2 
distinct layers. Both layers had a turbid appearance indicating the presence 
of protein. The CO-reduced spectrophotometric assay of both layers revealed 
no cytochrome P450 present after the 14-hour separation. In the case of the 
microsomal partition experiment an optically dense section was observed at 
the interface of the two layers. This section was isolated using a Pasteur 
pipette and shown to contain no cytochrome P450 (Table 1.1).
1.3.2 AMMONIUM SULPHATE PRECIPITATION - PRELIMINARY STUDY
The addition of solid (NH^zSOa to a yeast disruptate is a slow 
process requiring care to ensure pH is controlled. There was no obvious 
sign of the formation of a precipitate and the solution was noticeably 
viscous. The precipitation process was allowed to proceed for 1 hour in the 
cold room in a vessel open to the atmosphere. Centrifugation in a bench 
centrifuge resulted in no sediment being deposited. In the case of the 
microsomal experiment (Table 1.2) a lipid layer was observed on the surface 
of the sample. A celite-packed Buchner funnel was used to filter the 
precipitate from the solution under vacuum. The precipitate-loaded celite 
was removed from the Buchner funnel and suspended in 25ml phosphate 
buffer. The subsequent centrifugation at 2000rpm for 5 minutes resulted in 
a hard pellet of celite as the sediment. The turbid supernatant was assayed 
for cytochrome P450 and found to contain none.
1.3.3 PEG PRECIPITATION - PRELIMINARY STUDY
The addition of PEGE6000] to the disruptate to a final concentration of 
20% yielded a viscous solution which was difficult to assay by the method 
of Omura & Sato (1964). Following centrifugation at 2300g for 20 minutes, a 
substantial sediment was thrown down with a clear (non-turbid) supernatant
which was easily poured off. The sediment was resuspended by shaking in 
buffer and, on analysis, showed a full recovery of cytochrome P450 from the 
original preparation. There was no detectable cytochrome P450 in the 
supernatant (Table 1.3).
13.4 CYTOCHROME P450 AID PROTEIN PRECIPITATION BY PEG
The centrifugation at 2300g in the Beckmann J21 centrifuge for 20 
minutes yielded a clear brown coloured supernatant that could be poured off 
the sediment without disturbing it. The sediment was easily resuspended by 
adding the appropriate volume of buffer and shaking. A thin lipid film was 
observed on the surface of the supernatant which was discarded with the 
supernatant.
1.3.4.1 ANALYSIS OF RESULTS
The total cytochrome P450 content of each sample was determined before 
and after the precipitation and the percentage enzyme recovery values 
plotted against the amount of PEGC60003 added to the sample (Fig. 1.4). The 
curve drawn through the experimental data is derived from the precipitation 
model advanced in 1.3.5.1. The data suggests that precipitation of the 
microsomal cytochrome P450 fraction is complete with 6% PEG. The protein 
measurements by the method of Lowry et al (1951) yielded values of protein 
concentration in mg/ml. From these values the specific concentration of 
cytochrome P450 (nmol cytochrome/mg protein) was determined. The plot of 
specific concentration of cytochrome P450 versus % PEG (w/v) shows a 
distinct peak of specific concentration at 6% PEG (w/v).
1.3.5 EFFECT OF RCF ON PEG PRECIPITATION OF CYTOCHROME P450
Separation of the supernatant and sediment needed caution when dealing 
with samples from a low speed centrifugation or low PEG content. The 
sediment had not formed a firm pellet, as was experienced previously. The
supernatant was removed by gently lowering a Pasteur pipette onto the 
surface of the supernatant and following the level down to the sediment.
The supernatant was turbid in those samples subjected to low centrifugation 
or low PEG concentration. The results of this experiment are listed in Table
1.4 and are derived from cytochrome P450 measurements on both the 
supernatant and the resuspended sediment.
1.3.5.1 ANALYSIS OF RESULTS - MODELS OF RECOVERY OF PEG PRECIPITATE
A preliminary inspection of the results showed that the complete 
sedimentation of cytochrome P450 from the disruptate could be accomplished 
by either high speed centrifugation at low PEG concentration or low speed 
centrifugation at high PEG concentration. A 3D contour plot of RCF 
% cytochrome P450 and % PEG (Fig. 1.5) confirmed the belief that % PEG and 
RCF were interchangeable in their effect on cytochrome P450 sedimentation. 
The plots clearly show that poor microsomal cytochrome P450 recovery is 
observed at low PEG concentrations and low centrifugation speed whereas 
good recovery is seen at high values of either % PEG or RCF(g). Preliminary 
attempts to develop an expression to describe the data were made using the 
’Minitab* data handling package an the University Prime Computer system. A 
linear regression of % cytochrome P450 recovered against RCF, % PEG and 
their quotients and products yielded a best fit of:
% P450 = -0.88 + 0.0463RCF + 23.5PEG - 00.72 RCF/PEG - 0.0121 RCF x PEG
The correlation coefficient of this line to the data was 92.7%. This 
expression was considered to be too lengthy with the major drawbacks that 
it could not describe the data at law PEG or RCF values. If in the special 
case of PEG concentration being zero, then in theory no precipitation should 
be observed. However the above expression would yield a recovery greater 
than 0%. Similarly at zero RCF a recovery of approximately 23.5% would be 
predicted by the expression.
A Langmuir form of expression proved to be very successful in 
describing the data:
% P450 recovered =  RCF 1.1
Kg + RCF
By manipulation of the expression and linear regression of the data 
points using the Minitab data handling package Kg was found to be:
Ka = 735 MPEG)-' 1.2
thus:
% P450 recovered =  RCF_________ 1.3
(735 (%PEG)-1 +RCF)
The linear regression correlation coefficient was found to be 82.4%.
Mo physical significance of this form of equation can be assigned to the 
precipitation and sedimentation process.
The above expressions are derived solely from a consideration of the 
data. Mo consideration has been given to the principles of precipitation and 
centrifugation. It was therefore felt necessary to explain the data in these 
terms and develop a model based on fundamental considerations. The enzyme 
recovery depends on the coagulation and flocculation induced by PEG and 
also on the amount of the enzyme recovered by the centrifugation step. It 
was felt that there was a need to describe the process to allow for 
incomplete sedimentation as would be the case for any precipitate with a 
particle size distibution. From Stokes law, where it is stated that 
sedimentation rate is proportional to particle diameter squared, it follows 
that the diameter of the largest agglomerate to escape sedimentation is 
proportional to the square root of RCF (R). Plots of enzyme recovery versus 
the reciprocal square root of R gave acceptable straight lines on linear 
probability chart paper. This suggested that the protein agglomerate size 
distribution approximated to normal.
Assuming the protein size distribution to be normal then it follows 
that the percentage enzyme recovery (P) is given by:
P = 100 tl - 0(h)] 1.4
h = 1 [R-* - (Rso)-1*] 1.5
O'
Esc is the RCF giving 50% recovery at 
the given PEG concentration 
0(h) is the cumulative normal distribution 
function of h 
r is the standard deviation of the function 
0(h) can be calculated from Hasting’s approximation:
*(h) * e<-*» -•» [0.3194q - 0.3566q2 + 1.7815q3 - 1.8213qA + 1.3303qB]
(2*)** 1.6
where q = (l+0.23164h)“1, or found from tables 1.7
Hastings approximation gives a polynomial expression which can be 
integrated and which approximates to the equation describing a normal 
distribution which cannot be integrated. The RCF values corresponding to 
50% enzyme recovery (Reo) were obtained from the probability plot for each 
PEG concentration (G) and were correlated logarithmically in the form:
Rso = A Gv 1.8
Where A is equivalent to the centrifugal acceleration giving 50% enzyme
recovery with 1% (w/v) polymer concentration. For a particular batch of
disruptate with the centrifugation condition described above:
A = 1451 x g 1.9
and y = 1.238
(Rso)-1* = 0.0263G0 •ei 9 1.10
From the previous assumptions, equation (1.10) implies that PEG 
increases the effective mean diameter of agglomerates in proportion to the 
percentage of 0.619.
This correlation' was used to calculate (Rso)-** for each PEG 
concentration used. Vith suitable values of the standard deviation, h and 
q can be obtained for a series of values of R, from which the corresponding 
values of the function 0(h) can be found, and hence P can be calculated.
Standard deviations were considered as a fraction of (Reo)-1* for each 
PEG concentration used. The preliminary probability charts indicated 
standard deviations of between 0.5 and 0.7x (Rso)-**, and taking values of 
standard deviation as 0.53 x (Rso)-1* for each PEG concentration was found 
to give a reasonable overall fit to the experimental data, so that:
o' = 0.53 (Rso)-*
or:
o- = 0.01394 (G)° ei9
Values of the percentage enzyme recovery calculated in this way are 
plotted against the experimental values in Fig. 1.5. The reasonably constant 
proportionality of standard deviation to (Rso)-1* values for each PEG 
concentration implies that the ’spread’ of agglomerate sizes increases with 
increasing PEG concentration.
The curves representing enzyme recovery in Fig. 1.6 were generated 
using the above procedure and give a reasonable description of the 
experimental results. It is interesting to note that the enzyme recoveries 
in the preliminary study, which used a different centrifuge and centrifuge 
time, are also described reasonably well (Fig. 1.3) using the same 
parameters as those derived for the present work. The yield contour plots 
(Fig. 1.6) are derived from the curves in Fig. 1.6.
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Biochemical studies on the purification and characterisation of 
microsomal cytochrome P450 from S. cerevlsiae have used a lengthy multi- 
step method for the isolation of microsomal cytochrome P450 containing 
microsomal component of the yeast cell (Azari & Viseman, 1982c). This 
method relies on a high speed centrifugation step (108,000g) using a low 
volume preparative centrifuge. The preparation of large quantities of 
microsomal cytochrome P450 required for an industrial process using such a 
method would result in a considerable bottleneck at this stage. Of course, 
this bottleneck could be overcome by the use of a battery of high speed 
centrifuges but this would be a very expensive (each centrifuge can process 
lOOml/hour and costs £20,000) and time-consuming solution to the problem. 
The use of the disruptate supernatant is not feasible due to the low 
concentration of microsomal cytochrome P450 present in this preparation, 
typically as little as 0.25 nmoles/ml. The detection of microsomal 
cytochrome P450 associated B(a)P hydroxylase activity requires an enzyme 
concentration of at least 1 nmole/ml. Thus the aim of the recovery process 
was to produce a preparation with at least 1 nmole microsomal cytochrome 
P450/ml. Enzyme purity was considered to be of secondary importance to 
enzyme concentration since unless side reactions of contaminating 
activities were reducing the sensitivity of the B(a)P hydroxylase assay, the 
cytochrome P450 purity was of no significance. The criteria for the 
selection of an appropriate enzyme recovery method were that it should be 
cheap, rapid, minimise enzyme loss due to denaturation, give a good recovery 
and be feasible as a large scale process.
The partition of cell particles and macromolecules using 
PEG/dextran/KzHPO* phase systems has been investigated thoroughly by 
Albertsson (1971). It has been shown that such separation systems can give 
high recoveries of a purified product (Hustedt et al, 1978).
Kroner et al (1978) have demonstrated the feasibility of a two-phase 
separation system in large scale enzyme isolation processes.
Uikkila & Hynninen (1982) used three-phase partition as the first step 
in the purification of cytochrome P450 from the yeast Brettanomyces
anomalus. They achieved a purification of 25 to 60-fold relative to the 
starting solubilisate but only a 15% to 28% yield (n = 10). The present 
study was inconclusive in demonstrating the feasibility of applying a 
liquid-liquid partition separation process to the S. cerevlsiae microsomal 
cytochrome P450.
The precipitation of proteins using ammonium sulphate is an established 
technique for the precipitation of enzymes. Typically, two successive 
precipitations are used. The first step involves the addition of (FHa ^SO a 
to a concentration just below that at which the enzyme of interest will 
precipitate. Protein precipitated at this concentration can then be removed 
by centrifugation. The enzyme of interest is then precipitated by the 
addition of further (NILOzSO* to the supernatant leaving other protein in 
solution. This simple procedure can result in a good purification of the 
product (Dunnill & Lilly, 1971). The precipitation of yeast cytochrome P450 
using (NHa ^SO a has been successfully attempted by Azari (1984) and 
Viggins & Baldwin (1984). In both cases this precipitation was performed on 
partially purified material.
There are some serious technical problems associated with the 
precipitation of yeast microsomal cytochrome P450 using ammonium sulphate 
precipitation as microsomal cytochrome P450 is certainly an abnormally 
labile enzyme. The effect of pH changes or ionic strength on the rate of 
denaturation is not clear but significant fluctuations in either could be 
expected to accelerate the denaturation of the enzyme. During addition of 
ammonium sulphate the pH of the enzyme solution will fall and must be 
continually controlled to a set point using a base (e.g. FHaOH). High 
localised pH will be expected during base addition as will low localised pH 
be experienced during addition of (FHa )2:S0a . Similarly a high localised 
ionic strength in the solution as a result of (FHa )z:S0a addition may cause 
significant effects. The findings of this study show very poor enzyme 
recovery which may be explained as above. Therefore the use of (FHa )s:S0a 
precipitations was rejected on the basis of the preliminary study.
PEG (HOCHiCH* (CHzCHzOn CH* CH2 OH) is supplied either as an oily 
liquid or white powder depending on the molecular weight of the polymer.
The low MV liquid forms (PEGC4001 or C600]) have been used for the 
precipitation of enzymes (Honig & Kula, 1976) but generally most academic 
research has investigated the use of the solid high MV forms (PEGE60003 or 
PEGC80001) in bioprocessing. PEGC60003 precipitation has many process 
advantages over alternative protein precipitation techniques. It is 
relatively inexpensive, non-toxic, non-flammable and does not produce a pH 
change when added to an enzyme solution. The application of PEG 
precipitation in the fractionation of complex protein mixtures is well 
established (Poison et al, 1962) and more recent interest has been directed 
towards the mechanism of this precipitation (Ingham, 1977; 1978; Hasko, 
1982). The precipitation of a microsomal cytochrome P450 using PEG has not 
been previously reported although Hikkila & Hynninen (1982) reported the 
use of a PEG partition step in their purification of a cytochrome P450 from 
Brettanomyces anomalus. The preliminary experiments on the application of 
PEGC60003 in the precipitation of microsomal cytochrome P450 were very 
promising and gave recoveries greater than 90%. The preliminary study 
showed that precipitation was rapid and overcame the existing problem of 
microsomal recovery in that only a low speed centrifugation was required 
(Sadler et al, 1983). The use of PEGC6000] was therefore adopted as a 
standard procedure for the recovery of microsomal cytochrome P450 from a 
clarified cell homogenate.
The use of high speed centrifugation in the preparation of microsomal 
cytochrome P450 from S. cerevisiae typically results in yields of 
approximately 75% (M. Azari - personal communication). The losses are 
probably due to preliminary centrifuge steps where mitochondria and other 
cell debris is removed. Microsomal material is likely to be entrained and 
sedimented during these steps. Furthermore the process of centrifugation 
involves approximately 2% hours in which the labile cytochrome P450 may 
partially denature. PEGC6000] precipitation of microsomal cytochrome P450 
reduces the processing time to a microsomal pellet to approximately 1 hour 
and gives recoveries of greater than 90%. The precipitation and 
centrifugation are carried out at 24°C, Microsomal cytochrome P450 losses 
would be expected, even at 4°C over a period of 1 hour. Zeppezauer & 
Brishammov (1965) proposed that PEGE6000] may interact hydrophobically 
with proteins to provide a protective environment thus reducing activity
losses due to denaturation of the enzyme. Later work in this study further 
investigates this effect.
Previous authors reporting their work on PEGC60003 precipitation have 
considered the mechanism of precipitation. Edmond & Ogston (1968) provided 
a thermodynamic basis for the steric exclusion mechanism of protein 
precipitation by PEG. Ingham (1977; 1978) presented further evidence for 
this theory. Other workers (Juckes, 1971) and (Hasko et al, 1982) presented 
semi-empirical explanations and expressions similar to the Cohn 'salting 
out’ expression. The present study was designed to relate PEG precipitation 
and centrifugal recovery of the precipitate. The principal advantage of 
defining this relationship lies in a process centrifugation step where the 
economics of increasing centrifuge throughput can be considered against the 
cost of the addition of further PEG.
The results indicate that the effect of PEG is reasonably consistent 
with its increasing the mean effective diameter of protein agglomerates 
proportionally to a PEG concentration to an exponent of 0.619, and also 
with its increasing the spread of agglomerate sizes approximately in 
proportion to the mean effective diameter. Qualitatively this is consistent 
with the proposed steric exclusion effect advanced by previous authors 
(Edmond & Ogston, 1968; Ingham 1977 & 1978). As PEG is added to an aqueous 
protein solution, the available volume in solution for the protein solute is 
reduced. Hence the agglomeration of protein is favoured. Therefore 
increasing PEG concentration will result in increasing the mean effective 
diameter of the agglomerates.
A normal size distribution of the protein agglomerates is central to 
the model. The assumption was made on the basis that reasonable straight 
lines were achieved on linear probability paper of percentage enzyme 
recovery against the reciprocal square root of RCF. Data from experiments 
with 0.5 and 3% PEG showed some scatter about a straight line. This 
suggests that although a normal size distribution may describe the 
particular batch of material under study, there is no evidence that the 
same normal distribution can be approximated to in every case. However 
normal particle size distribution is a characteristic of chemical
precipitates. The standard deviation of Rso“°*s was taken as 0.59 as this 
value was found to give the best overall fit for the cumulative function.
The general application of this description to a clarified yeast 
homogenate is untried. The particle size distribution (and type of 
distribution) may be dependent on the yeast cell morphology and conditions 
of homogenisation. Certainly protease activity in solution will reduce 
agglomerate size over a period of time. Thus the nature of the starting 
material for a PEGC6000] precipitation may vary from batch to batch. It is 
however encouraging that the enzyme recovery obtained in the preliminary 
study using a different centrifuge and centrifugation time is described 
reasonably well using the same functions. This preliminary study was 
carried out on a different batch of material to the main study.
It must be noted that the model describes the data reasonably well up 
to a PEGE60003 concentration of 3%. At higher concentration of PEGC6000] a 
viscosity term would have to be considered in the model. Sedimentation 
velocity is proportional to the inverse of viscosity. Therefore the recovery 
of product at 12% PEGC60003 for example, will be hindered by the intrinsic 
viscosity of a 12% PEGE60003 solution. A viscosity term lias not been 
incorporated with this model because only low concentrations of PEG are 
actually used (0.5 -» 3%). The viscosity effects at these low concentrations 
are unclear and should be quantified.
Sample Volume KzHPQ* PE6C403 K2HPQ4 PEG nmoles P450/ml
nl g g % * phosphate F
layer la
10 1,875 2.5 15 20 0 0
10 3,125 2,5 25 20 0 0
10 3,75 2,5 30 20 0 0
10 5 2,5 40 20 0 0
10 6,25 2.5 50 20 0 0
10 2,36 1.8 20 15 0 0
10 2,6 3,3 20 25 0 0
10 2,86 4.3 20 30 0 0
10 3,38 6.9 20 40 0 0
10 4,0 10 20 50 0 0
Table 1.1
Use of a PEG-phosphate Two-phase System for the Partition of Cytochrome PASO
iAmmonium Sulphate Precipitation
Stage Volume P450 Total P450
(ml) (nmoles/ml) (nmoles)
S Disruptate 68 0.484 32.9
0
L Solubilised Disruptate 68 0.371 25.23
U
B
T
+30%(NHA)2SCU 78 0.33 25.74
1
L
T
Buchner Filtrate 71 0 0
1
s Resuspended Buchner
E Residue 25 0 0
D
M Disruptate 68 0.484 32.9
I
C +30%(HHa )2SCU 78 0.395 30.81
R
0 Buchner Filtrate 71 0 0
S
0 Resuspended Residue 25 0 0
M
A
L
Table 1,2
Preliminary Investigation Into The Use Of Anrninnlnni Sulphate 
For The Precipitation Qf Cytochrome P45Q
Stage Volume P450 Total P450
(ml) (nmoles/ml) (nmoles)
I Disruptate 68 0.484 32.9
C
R +20% PEG 77 0.328 25.25
0
S Supernatant 75 0 0
0
M Resuspended sediment 45 0.833 37,5
A
L
Table It3
Preliminary Study on the Use of PEGC600Q] to Precipitate 
Microsomal Cytochrome -P450
Resuspended Sedinent Supernatant
% PEG */v RCF (xg) Volume P450 Total P450 Voluae P450 Total P450
(nioles/al) n aoles (n aoles/il)
0,5 500 10 Kl 0,0489 0,989 10 0,3456 3,956
0,5 700 10 0,1098 1,048 10 0,3736 3,736
0.5 1200 10 0,0879 0,879 10 0,3516 3,516
0,5 1800 10 0,1098 1,098 10 0,2637 2,637
0.5 3000 10 0,1538 1.538 10 0,2198 2,198
0.8 500 10 0,0989 0,989 10 0,2637 2,637
0,8 700 10 0,1538 1,538 10 0,2637 2,637
0,8 1200 10 0,1751 1,751 10 0,1978 1,978
0,8 1800 10 0,2637 2,637 10 0,2198 2,198
0,8 3000 10 0,3076 3,076 10 0,1538 1,538
1 . 8 500 10 0,1758 1,758 10 0,1098 1,098
1 . 8 700 10 0,2417 2,417 10 0,0439 0,439
1 . 8 1200 10 0,3736 3,736 10 0,0659 0,659
1 . 8 1800 10 0,4176 4,176 10 0,02198 0,219
1 . 8 3000 10 0,4395 4,995 10 - 0
3.0 500 10 0,3406 3,406 10 - 0
3,0 700 10 0,4176 4,176 10 - 0
3,0 1200 10 0,4176 4,176 10 - 0
3.0 1800 10 0,4395 4,395 10 - 0
3,0 3000 10 0,3956 3,956 10 - 0
Table 1,4
Data on the Effect of RCF on the Precipitation of Cytochrome P45Q 
at PEG Concentration of 0% to 3%
B
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Fig. 1.1
Total Interaction Energy Curves
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A 3D REPRESENTATION OF THE RELATIONSHIP BETWEEN PEG CONCENTRATION AN
RCF IN THE RECOVERY OF CYTOCHROME P450
POINTS REPRESENT PHASE COMPOSITIONS USED EXPERIMENTALLY
100 t % enzyme recovery
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Fig. 1.4
Precipitation of Microsomal Cytochrome P450 using PEttrftOOOl
The recovery line is drawn from the precipitation model developed in 
this work
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Fig, 1,5
Plot.of % actual microsomal cytochrome P45Q sedimented versus theJft 
predicted by the recovery model
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The solid lines are generated by the recovery model
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Fig. 1-7
Yield contour Plot-for microsomal cytochrome P450 derived from thp 
model-enzyme enzyme-recovery curves
PROPERTIES OF YEA.ST M i CROSOMAT 
CYTOCHROME P45 O — DEPENDENT 
BElSnZO Cel > PYRENE HYDROXYLASE
S. 1 INTRODUCTX OM
There has been growing awareness in the past decade of the 
environmental hazards associated with industrial and domestic pollutants 
released to the environment. Asbestos, sulphur oxides, mercury and cadmium 
are well known and understood types of inorganic pollutant and measures are 
taken to limit man’s exposure to them. The environmental effects of specific 
organic pollutants are less well understood since their physiological 
effects are often a result of complex products of their degradation. 
Polycyclic aromatic hydrocarbons (PAH) are a particular class of organic 
pollutants which are now giving rise to concern as environmental pollutants 
because of their proven association with cancer in tests performed on 
laboratory animals. PAH are known substrates of monooxygenase or 
hydroxylase activities of some cytochrome P450s. Hence this study was 
initiated to investigate the feasibility of using a yeast cytochrome P450 to 
remove a particular PAH, benzo(a)pyrene, (B(a)P) from process streams.
2.1.1 POLYCYCLIC AROMATIC HYDROCARBONS (PAH)
PAH are composed of two or more fused aromatic rings. The aromatic 
rings are unsaturated. Therefore the resultant molecule is planar. The range 
of PAH in which there is environmental interest lies between naphthalene, 
(CioHe) and coronene (CzaHiz). Within this range are a large number of 
fused ring compounds differing in ring numbers, compound chemistry and the 
position of substituents on the basic ring system. The physical and 
chemical properties of PAH vary with molecular weight. Chemical reactivity 
decreases with increasing molecular weight. Physical properties such as 
vapour pressure and aqueous solubility decrease logarithimically with 
increasing molecular weight. Thus the behaviour of PAH in the environment 
varies substantially depending on molecular weight. The lower molecular 
weight PAH (2-3 ring) show significant toxicity to aquatic organisms. 
However the higher molecular weight PAH (4-7 ring) are non-toxic but 
include proven carcinogens such as B(a)P.
2.1.2 B (a)P AS A PAH
B(a)P is a 5-ring PAH (Fig. 2.1) and must be distinguished from 
benzo(e)pyrene (B(e)P> which is another 5-ring PAH but of differing 
molecular structure (Fig. 2.1). The carcinogenicity of B(e)P has yet to be 
proven. The solubility of PAH is generally low and has been looked at in 
some detail by Davies et al (1942). The solubility of B(a)P in pure water at 
27°C was estimated at 4.0 x 10“Gg/litre (4mg/m3). Suess (1972) found that 
B(a)P had high solubilities in solvents such as dioxane (lOmg/litre) and 
acetone (”a few g/litre"). In a solution of 10% acetone in water the 
solubility of B(a)P was found to be as high as 0.4mg/litre. However, the 
surprising feature of such a mixed aqueous solution was that the stability 
of B(a)P in solution was adversely affected. Work by Herbes (1977) and 
Ekwall & Sjoblom (1952) suggests that in many cases the predominant method 
for the solubilisation of B(a)P is by inclusion in micelles or adsorption to 
a particulate. Ekwall & Sjoblom (1952) noted that B(a)P was practically 
insoluble in pure water but when in 2.OH butyric acid, solubilities of up to 
2.7mg/litre were noted. This dramatic increase in solubility was explained 
by the inclusion of B(a)P within micelles formed by the butyric acid.
Herbes (1977) considered that the hydrophobic PAH molecules would partition 
towards the particulate phase in natural waters. His experimental work 
using anthracene absorption by yeast cells supported this hypothesis. Mare 
recent work on the aqueous solubility of B(a)P (Lu et al, 1977) suggests 
that the early data of Davies et al (1942) may give a high value for the 
solubility of B(a)P in aqueous systems. Lu et al (1977) noted a solubility 
of only 0.172 x 10_eg/litre at 25°C. The photochemical oxidation of B(a)P 
is a well established phenomenon. Masuda & Kuratsume (1966) presented the 
mechanism as one where B(a)P is activated to the triplet state by UV 
irradiation. The biradicals so formed (6, 12 biradical) react with oxygen 
present in solution to form quinones. In their study the predominant 
quinone formed by photaoxidation was 3,6-benzo(a)pyrenequinone. The 
carcinogenicity of the products of photooxidation of B(a)P will determine 
whether this photooxidation is beneficial in eliminating B(a)P from the 
environment.
2.1.3 SOURCES OF PAH 15 THE ENVIRONMENT
PAH have traditionally been associated with products of incomplete 
combustion of complex organic materials. However there has been some 
evidence in recent years that PAH are also formed as a result of bacterial 
or plant biosynthesis. Organisms may form PAH directly, but low temperature 
breakdown of bacterial and plant complex organisms may also result in the 
formation of PAH.
2.1.3.1 BIOSYNTHESIS OF PAH
The biosynthesis of polycyclic quinone pigments in bacteria, fungi and 
higher plants is well established (Thomson, 1971). The largest single group 
of naturally occuring quinones is the anthraquinones. From anthraquinones 
it is believed that 8-ring quinones can be formed by a process of 
dimerisation. The large aromatic quinones are then readily reduced to the 
corresponding hydroquinone and to the parent PAH by further reduction 
(Neff, 1979). High concentrations of a PAH (perylene) have been found in 
anaerobic freshwater sediments by Rose (1977) who postulated that perylene 
was formed in anaerobic sediments through the reduction of perylene- 
quinones. It must be emphasised that this source of PAH may be significant 
only in a local environment where conditions are suitable for the 
degradation of naturally occuring quinones. Considerably more interest has 
been directed towards the complete biosynthesis of PAH by bacteria and 
plants. Cultures of Escherichia doli, Proteus vulgaris, Pseudomonas 
fluorescens, Serratia marcescens and Kyxobacteria Z6 contained 2.0 - 6.0 pg 
B(a)P/100g dry weight (Knorr & Schenk, 1968). Mallet et al (1972) extended 
this study and concluded that biosynthesis of B(a)P (and other PAH) by 
some anaerobic bacteria does occur, that only certain strains of bacteria 
can synthesise PAH, and starting substrates for PAH biosynthesis can 
include fatty acids, sterols, plant pigments and aliphatic terpenes. Hase & 
Hites (1976) disputed the claims of Mallet et al (1972) by pointing out 
that the high levels of B(a)P observed could be accounted for by 
bioaccumulation of PAH by the bacteria. Hase & Hites (1976) suggested that 
B(a)P was present in very dilute quantities and probably originated from
tap water, test chemicals or arose during media sterilisation. The question 
of de novo biosynthesis of PAH by bacteria is thus unresolved at present.
Similarly plant biosynthesis of PAH has been studied in some depth 
(Hancock et al, 1970) and the authors concluded that most of the PAH found 
in leaf material analysed in their study was a product of plant 
biosynthesis. Grimmer & Duvel (1970) presented results which directly 
contradicted the findings of Hancock et al (1970). They concluded that the 
PAH levels measured in plant material were a result of contamination by 
airborne particulate PAH and not of plant biosynthesis.
2.1.3.2 FORMAT ION OF PAH BY PYROLYSIS
A mechanism for the formation of B(a)P from isoprene and CazHee has 
been proposed by Badger et al (1966). During pyrolysis, complex organic 
molecules such as CazHee are partly cracked to lower molecular weight free 
radicals. Pyrosynthesis of the PAH then proceeds by the rapid combination 
of free radicals. The type of PAH farmed during combustion is related to 
the ratio of fuel to air. Rich fuel mixtures favour the formation of lower 
molecular weight PAH such as pyrene, B(a)P, B(e)P and fluoranthene (Cammins, 
1969). Other factors such as pyrolysis temperature, chemical composition of 
the fuel and duration of exposure to elevated temperatures affect the yield 
and molecular weight distribution of PAH formed during pyrolysis, Schmeltz 
& Hoffmann (1976) showed that pyrolysis of carbohydrates yielded 50 - 300 
pg B(a)P per gram pyrolysed material whilst more highly reduced compounds 
such as lipids and sterols yielded up to 3500pg B(a)P per gram pyrolysed 
material. Generally, pyrolysis of compounds displaying chain branching or 
unsaturation favours the pyrosynthesis of PAH (Neff, 1979).
The combustion of fossil fuels is singly the most important source of 
environmental PAH. It has been estimated (Particulate Organic Matter, 1972) 
that emissions from internal combustion engines were responsible for 
releasing approximately 22 tons of B(a)P a year to the atmosphere in the 
USA alone. B(a)P emission levels have since been reduced by up to 90% in 
USA by strict emission control regulations.
Guerin (1977) estimated that 87xlOe million tons of coal were 
processed to produce 60x10e million tons of coke in 1972. Lao et al (1975) 
reported a wide spectrum of PAH produced by the caking process with air 
filter samples containing up to 2600/ig PAH/g sample. The production of coke 
involves exposing coal to high temperatures in a reducing atmosphere. It is 
not surprising therefore that high levels of PAH are emitted. Forest or 
bush fires may also make a significant contribution to PAH from pyrolysis 
although the precise figure is difficult to quantify (Neff, 1979).
2.1.3.3 IOI-PYROLYTIC SOURCES Of PAH
HAS (1975) estimated that approximately 6.1 million tons of crude oil 
and distillate products enter the marine environment per year. From this 
figure an estimate of 20-30 tons B(a)P can be deduced (Pancirov & Brown, 
1975), with a total direct release of approximately 17x10* tons PAH/year. 
These figures include spillage of oil during transportation, runoff from 
land and natural submarine leakage. Industrial waste water may also contain 
large quantities of PAH. Johnston (1976) estimated that 150 tons B(a)P 
would be released in the production of 3 million tonnes of aluminium. The 
precise quantity entering the environment via this route has not been 
investigated.
2.1.4 ESTIMATED TOTAL RELEASE OF PAH TO THE EIVIROIKEIT
The figures below are taken from Heff (1979) and are an estimate only. 
However the figures do present a good picture of total PAH and B(a)P 
released to the environment.
.Tonnes/Year
Source B(a)P BAIL
Biosynthesis 25 2,700
Petroleum spillage 20 -30 170,000
Domestic and
industrial wastes 29 4,400
Surface runoff from
land 118 2,940
Fallout and rain out
from air 500 50,000
TOTAL: 697 230,040
2.1.5.1 CYTOCHROME P450 CATALYTIC ACTIVITY
Cytochrome P450 is a general term refering to a haemoprotein with a 
characteristic absorbance in the reduced form at 450nm. It belongs to a 
class of enzymes known as monooxygenases which are ubiquitous throughout 
nature and show activity to numerous classes of compounds. Monooxygenases 
incorporate one atom of the oxygen molecule into the organic substrate, the 
other being reduced to water (Ullrich, 1987). Therefore a reducing agent 
such as HADPH is needed to oxidise the oxygen to water. Since both 
oxygenation and oxidation are involved in this reaction, these enzymes have 
been referred to as mixed-function oxidases (Ullrich, 1987).
The full cytochrome P450 reaction cycle is shown in Fig. 2.2 and the 
reaction can be summarised thus:
SH + 0* +2HX -) SDH + H20 + X“
S represents the substrate 
HX the reducing agent.
Fig. 2.2 shows the proposed cytochrome P450 reaction cycle as 
determined for rat liver microsomal cytochrome P450. There has been no 
equivalent study on the yeast system although Woods (1979) has shown that 
yeast cytochrome P450 is the terminal oxidase in the yeast aryl 
hydrocarbon hydroxylase system which is HADPH requiring. In rat liver, the 
metabolism of PAH requires a cytochrome P450-dependent monooxygenase on 
the first enzymatic step. The arene oxide produced by insertion of an 
oxygen atom into the PAH structure is considered to be an unstable species 
(Fig. 2.3) and the substrate for subsequent enzymic action (DePierre & 
Ernster, 1978). The arene oxide is considerably more polar than the parent 
molecule and can thus enter into cell metabolism, and be prepared for 
excretion, by further metabolism. However the arene oxide is a reactive 
intermediate and is known to bind to nuclear DNA (Brookes & Lawly, 1964), 
predisposing the cell to mutagenesis. Thus the steady state levels of the 
carcinogenic arene oxides would result from a balance of the activities of 
the monooxygenase system and subsequent enzymic steps.
2.1.5.2.1 CYTOCHROME P450 II YEASTS
Lindenmayer & Smith (1964) noted the presence of cytochromes and other 
pigments in baker’s yeast grown anaerobically and aerobically. They noted 
the similarity of the cytochrome system with rat liver microsome 
cytochromes and designated the co-reduced pigment as a ’new kind of 
cytochrome’. Ishidate et al (1969) further confirmed the existence of a 
yeast cytochrome similar to the rat liver enzyme. The involvement of 
cytochrome P450 in fatty acid hydroxylation was demonstrated by Lebeault 
et al (1971) following the discovery of this enzyme in alkane grown Candida 
tropicalis (Gallo et al, 1971). Yoshida & Kumoaka (1974) can be credited 
with defining the cytochromes as yeast cytochrome P450. Mauersberger et al 
(1980) showed that hexadecane was a strong inducer of cytochrome P450 in 
the yeast Candida guillermondiit and low dissolved oxygen concentration 
gave levels as high as 100 nmol cytochrome P450/g dry weight. Karenlampi 
et al (1980) produced the definitive study on the occurrence of cytochrome 
P450 in yeast (Table 2.1). They could not however detect differences in 
cytochrome P450 yield between different strains of S. cerevisiae. The NCYC 
strain number 240 has since been divided into two morphological variants.
S. cerevisiae HCYC 753 will not grow on maltotriose as sole carbon source 
and is a law cytochrome P450-producing variant, whilst STCCYC 754 is a high 
cytochrome P450 yielding variant which grows on maltotriose (D. J. King, 
personal communication). The production of cytochrome P450 in S. cerevisiae 
requires fermentative conditions where mitochondrial cytochrome a + a3 
formation is repressed i.e. under semi-anaerobic conditions or at high 
glucose concentrations (Ishidate et alt 1969). Wiseman et al (1978) provided 
evidence that the de novo synthesis of cytochrome P450 is repressed by 
high intracellular levels of cyclic AMP (CAMP) where the level of CAMP is 
controlled by the glucose concentration in the growth medium in an inverse 
relationship. Blatiak et al (1983) pointed out the role of oxygen as a 
substrate inducer of cytochrome P450 in yeast and subsequent studies by 
King et al (1984) and Salihon (1984) have shown oxygen level during 
fermentation to play an important role in cytochrome P450 production.
Salihon (1984) has increased the yield of enzyme per litre of culture 
by 40% and more than halved the cost by optimising the culture conditions
for yield of cytochrome P450 from S. cerevisiae. King et al (1982) found 
that low concentrations of B(a)P caused increased levels of cytochrome P450 
in yeast after fermentation for 44 hours, Karenlampi et al (1982) showed 
that a PCB mixture and lindane increased the concentration of cytochrome 
P450 in S. cerevisiae by 32% and 50% respectively. It was however noted 
that yeast cytochrome P450 responded poorly to known inducers of mammalian 
cytochrome P450.
2.1.5.2.2 CHARACTER IS AT IOH OF S. CEREVISIAE CYTOCHROME P450
The purification and characterisation of cytochrome P450 from S. 
cerevisiae was first achieved by Azari & Viseman (1982b) using a multi-step 
purification procedure involving hydrophobic adsorption and other 
chromatographic techniques. Final enzyme purity was determined as between 
88% and 97%, with a molecular weight of approximately 55000 as estimated 
by SDS polyacrylamide gel electrophoresis. King et al (1982) further 
characterised the enzyme as containing predominantly hydrophobic amino 
acid residues and determined the molecular weight as 53000 from the amino 
acid composition. Wiggins & Baldwin (1983) have followed the above 
purification procedure and achieved an overall recovery of 38% during 
purification of S. cerevisiae cytochrome P450.
In comparison to the mammalian cytochrome P450 monooxygenase system 
little is known about the preferred substrates of S. cerivisiae cytochrome 
P450. Aoyama & Yoshida (1978) showed that a reconstituted cytochrome P450 
system for S. cerevisiae could catalyse the 14-a demethylation of 
lanosterol and postulated a pathway for the conversion (Fig. 2.3). The 
reaction required NADPH and molecular oxygen. Other workers (King et al, 
1984; Aoyama et al, 1983) have shown the involvement of cytochrome P450 in 
yeast as a target for antifungal drugs. Such drugs cause lanosterol to 
accumulate in the fungi, by the inhibition of cytochrome P450, disrupting 
membrane function and producing a cell membrane that is permeable to 
protons and finally bursts (Coulson et al, 1984).
It has been clearly demonstrated (Wiseman & Woods, 1979) that the 
B(a)P hydroxylase activity of yeast microsomal preparation is cytochrome
P45O-dependent. Incubation of B(a)P with the microsomal fraction from yeast 
disruptate, in the presence of cofactor (HADPH) and oxygen, yields a mixture 
of B(a)P metabolites. The metabolite profile of yeast cytochrome P450- 
dependent cytochrome hydroxylase activity (Wiseman & Woods, 1979) was 
shown to be similar to that produced by the mammalian cytochrome P448 
system (Depierre & Ernster, 1978), with 3-OH B(a)P as the major metabolite.
The requirement. of HADPH as cofactor could be replaced by an electron 
donor such as cumene hydroperoxide (Woods 1979). Similarly, Hrycay (1976) 
showed that mammalian cytochrome P450 hydroxylation could be supported by 
organic hydroperoxides.
The B(a)P hydroxylase activity of cytochrome P450 from S. cerevisiae 
has been characterised (Azari & Wiseman, 1982; King et al, 1984). A high Km 
value (33pm) and a low (approximately 570 pmol 3-OH B (a)P/hour/nmol
P450) were observed. The kinetic data was determined using the assay of 
Dehnen et al (1973) which determines the fluorescence of the 3-OH 
metabolite of B(a)P. Several workers (Hansen & Fouts 1972; Cumps et al 
1977; Phillipson et al, 1984) have questioned the validity of this assay as 
a quantitative analysis of B(a)P hydroxylase activity, but to date no 
satisfactory alternative has been proposed. A full discussion of the assay 
is presented in section 2.4.
2.1.5.2.3 B H D U G  STUDIES 01 YEAST CYTOCHROME P450
Many compounds of interest bind to cytochrome P450 to produce spectral 
changes which are caused by a conformational change of the protein. Two 
major types of spectral interaction are observed, termed type I and type II. 
Type I interactions arise by the binding of the compound to the protein 
moiety of the enzyme at the active site. Type II interactions are associated 
with the binding of a compound to the haem moiety of the enzyme (Azari et 
al, 1982). Type I interactions show a difference spectra with an absorption 
peak at 385-390nm and a trough at 420nm. Type II interactions have a peak 
at 425-435nm and a trough at 390-405nm. Analysis of the difference spectra 
produced by a certain compound yields information on the type of binding
and enables a spectral dissociation constant to be calculated (Azari & 
Viseman 1982b; King, 1983).
The spectral dissociation constant Ks by considering the fallowing:
E + S -=d ES kp— +E + P 2.1
E = enzyme 
S = substrate 
ES = complex 
P = product
The instantaneous velocity at any time depends on the concentration of ES
v = KPCES] 2.2
KP = catalytic rate constant
Assuming the total enzyme is distributed between E and ES, then
CEK = CE3 + CES3 2.3
Dividing the velocity equation by CE3^ , using CE3 + EES3, an the right hand 
side yields:
......v.  = lU B S ]— 2.4
CE3t. CE3 + CES3
Ks is the dissociation constant of the ES complex
K« = CE3CS3 = 3li_  2.5
CES3 k-,
CES3 = £S1 CE3 2.6
K.
The velocity equation can be rearranged to yield the Henri-Michaelis-Menten 
equation:
[S3 2.7
Ks + [S3
This equation is used to determine the value of K„ by measuring the degree 
of perturbation of the cytochrome P450 spectrum <v) against B(a)P 
concentration (pH).
Type I interactions (i.e. binding at the active site) indicate a 
possible substrate of cytochrome P450. B(a)P, lanosterol, ethlymorphine, 
sodium phenobarbitone and dimethylnitrosamine have been shown to give type 
I spectral changes with the purified enzyme (Azari & Wiseman, 1982a). Only 
B(a)P and lanosterol have been definitively shown as substrates of yeast 
cytochrome P450 (King & Wiseman, 1987).
The haem moiety of cytochrome P450 is involved in the transfer of 
molecular oxygen to the substrate. Compounds such as imidazole, aniline 
and benzphetamine which show type II spectral interactions (i.e. bind to the 
haem moiety) can block the transfer of molecular oxygen and thus inhibit 
B(a)P hydroxylase activity (King et al, 1982). Coulson et al (1984) have 
discussed the chemotherapeutic and cytochemical application of ligands 
which can block cytochrome P450 enzymes.
2.1.6.1 EIZYXE DEffATURATIOJT
For an enzyme to be successfully applied in chemical technology, 
therapeutic medicine, or biochemical analysis it should ideally have a 
robust structure to allow for prolonged use. Unfortunately the 3-dimensional 
structure of an enzyme is readily changed by extremes of chemical and 
physical environments. If this induced change causes a total loss of 
catalytic activity then the enzyme is said to be denatured. This 
denaturation can be termed irreversible or reversible depending on whether 
the protein spontaneously renatures when the denaturant is removed 
(Martinek et al, 1980). These authors suggested the following molecular 
mechanism for irreversible denaturation by temperature. The electrostatic or 
hydrophobic interactions which maintain the native structure of the enzyme 
are disrupted by temperature and thermodynamically more favourable 
interactions are established. When the temperature is lowered the modified 
protein will then be in a thermodynamically unstable state but will not 
renature for kinetic reasons as the molecular mobility of the polypeptide
chains should decrease. Anson (1945) found that denatured protein could be 
renatured by completely disrupting their structure using 8M urea and 
adjusting the pH of the denatured enzyme solution. Other workers (Davies et 
al, 1974) renatured thermodenatured £ lactamase, using 5M guanadinium 
chloride and subsequent removal of the denaturant. It is believed that for 
an enzyme to be irreversibly denatured some secondary process must occur. 
For example, aggregation of subunits of chemical modification of functional 
groups, or splitting of disulphide bonds. Tanford (1968) has reviewed in 
detail the most common methods of enzyme denaturation, and considered the 
thermodynamics of denaturation. Denaturation can be brought about by 
organic solvents, chaotropic ions, urea and guanidinium, detergents, 
temperature, pressure and interfacial forces (Pain, 1983).
2.1.6.2 STAB IL IS AT ICHT OF Al EIZYME
The stabilisation of an enzyme molecule to denaturation has attracted 
considerable discussion (Klibanav, 1983; Moshaev & Martinek, 1984). Enzyme 
stability can be increased in some cases by the presence of metal ions or 
substrates binding to the protein (Moshaev & Martinek, 1984) whilst the 
association of protein in solution favours stability hence protein 
concentration may be a critical factor when considering thermostability.
Martinek et al (1977) noted that multipoint nan-covalent attachment of 
chymotrypsin to a polymethylacrylate gel increased the stability of the 
enzyme by a factor of 100,000 compared to the ’free1 enzyme. A similar 
increase in chymotrypsin stability was found by covalently attaching the 
enzyme to a polymeric support. It appears from this work that the enzyme is 
being held in its active conformation by the multipoint attachment to the 
support and hence the energy required for denaturation is significantly 
higher than for the free enzyme. Klibanov (1983) considered the problem of 
oxidation of protein functional groups leading to enzyme inactivation. Such 
autooxidation requires the presence of transition metal ions hence 
autooxidation should be considerably reduced using standard chelating 
agents. In previous work his group noted that when a hydrogenase from C. 
pasteurlanum was immobilised on an ion exchanger, the enzyme was stabilised 
3000-fold (Klibanav et al, 1978), This phenomenon was explained by the
’salting out’ of oxygen in the highly charged micro-environment of the 
immobilised enzyme.
2.1.6.3 MATHEKATICAL DESCRIPTION OF ENZYME INACTIVATION
2.1.6.3.1 FIRST ORDER DECAY KODEL
f
The most commonly used description of an enzyme decay rate at constant
temperature was an empirical first order decay rate model analogous to the
expression for isotope decay:
dE. = kd E 2.8
dt
the half life of the enzyme under study is then:
t* = .(In., 21 2.9
ka
kd= The first order rate constant which is temperature dependent.
E = enzyme concentration 
t = time 
t* = half-life
2.1.6.3.2 INVERTED LINEAR DECAY MODEL
Cardoso & Emery (1978) pointed out examples of enzyme decay in the 
literature that were not adequately described using the exponential decay 
model. In particular studies on immobilised enzyme decay proved difficult to 
model using the exponential model. Cardoso & Emery (1978) proposed the 
inverted linear decay model. This model may be considered as a first order 
decay equation. A decay rate constant is a function of the degree of 
inactivation of the enzyme. This approach was justified with the argument 
that there are several steps in the deactivation of an enzyme, each step 
will have a different rate constant. The inverted linear model is written 
as:
[E3t = [E3o 2.10
(1+Kt)
CElo = enzyme concentration time 0 
CE3*. = enzyme concentration time t 
K = decay rate constant t-1 
t = time
The decay constants in 2.8 and 2.10 are defined differently and hence 
the term half-life cannot have the same meaning in this model. For the 
exponential model the half-life is constant aver the full course of the 
decay, whereas for the inverted linear decay model the half-life over 
different portions of the decay curve will vary because the denaturation 
rate constant varies aver the decay curve.
2.1.6.3.3 TVO-STAGE DEACTIVATION MODEL
Dagys et al (1984) described the use of a model in which the 
deactivation is described by 2 rate constants as:
Et = a exp(-K»t) + b exp((-Kt>t) 2.11
a = initial activity of first fraction of 
biocatalyst (mol/(h g)> 
b = initial activity of the second fraction 
of biocatalyst (mol/(h g))
K»= intrinsic kinetic constant of the 
deactivation of the first fraction 
of biocatalyst (time-1)
Kt.= intrinsic kinetic constant of the 
deactivation of the second fraction 
of biocatalyst (time-1)
The fractions a and b refer to the activity of the active and partially 
deactivated forms of the enzyme. The model achieved
good results in describing the enzyme denaturation rate but it is difficult 
to appreciate the basis for this approach.
S . S  MATER IA L S  A3STD METHODS
2.2.1 CYTOCHROME P450-DEPEIDENT B(a)P HYDROXYLASE ACTIVITY
Previous work at this university has shown that B(a)P hydroxylase 
activity can be detected in a yeast microsomal system (Azari, 1984). This 
work however, used a microsomal system prepared conventionally by high 
speed centrifugation. The present work uses a preparation from a PEG 
precipitation and thus it was necessary to validate the assay thoroughly 
prior to attempting a full kinetic analysis of the cytochrome P450~mediated 
hydroxylatian of B(a)P.
2.2.1.1 BINDING SPECTRA OF BCa>P VITH PEG-PRECIPITATED MICROSOMAL
PREPARATION
Far hydroxylation of B(a)P by cytochrome P450 to occur, the substrate 
must have access to the active site of the enzyme. On binding to the active 
site, B(a)P causes a spectral change which can be measured to determine the 
spectral dissociation constant K». The split cell technique of Azari & 
Viseman (1982a) was used to eliminate interference from the absorbance of 
B(a)P itself in this range. Fig. 2.4 demonstrates the principle of the split 
cell technique. Sample, prepared as described previously, was taken from the 
-80°C freezer and allowed to thaw slowly at room temperature. The sample 
was diluted to 0.14 nmoles/ml with Tris buffer and added to the split cell 
cuvettes (Fig. 2.4). Inactivated enzyme was prepared by boiling for hour 
in a water bath followed by coaling and dispersion using a Patter Elvehjem 
homogeniser. A Cary double beam spectrophotometer was used throughout this 
binding study. A difference spectrum was obtained by scanning between 
350nm and 460nm. A stock solution of B(a)P, 2mg/ml in dimethylformamide 
(DMF) was added to inactivated enzyme in the reference cuvette and to 
enzyme in the test cuvette. The scan was repeated at B(a)P concentration of 
5, 10, 15, 20, 25, 30 and 35 pi stack/ml enzyme. A double reciprocal plot of 
absorbance change versus B(a)P concentration was used to determine K«.
2.2.1.2 BCa)P BINDING TO PEGE60003
The procedure described previously was used to investigate the non­
specific binding of B(a)P to PEG. Enzyme was replaced by a 10% solution of 
PEGC60003 in Tris-HCl buffer pH 7.1, and inactivated enzyme in the same 
buffer. The experimental conditions and analysis were as for 2.2.1.1
2.2.1.3 B(a>P HYDROXYLASE ASSAY METHODS
B(a)P hydroxylase activity is usually measured by the fluorimetric 
measurement of the major hydroxylation product 3-OH B(a)P. The method is 
recognised to be inconsistent and the various assays differ in the way the 
3-OH B(a)P is extracted from the incubation mix (Hebert & Gelboin 1968; 
Dehnen et al 1973). The following assay methods are those generally used 
for the measurement of 3-OH B(a)P hydroxy lation.
2.2.1.4 METHOD OF DEHNEN FT AL (1973) (MODIFIED)
This method has been adapted by Voods (1974) far the determination of 
yeast cytochrome P450 activity. Aliquots of sample (0.5ml) were added to 
0.5ml 0.1M Tris buffer pH 7.1 containing 6pm MgClz, 3mg NADP, 5.6mg glucose 
6-phosphate (G-6-P) and 8 units of G-6-P dehydrogenase. The buffer 
contains the NADPH generating system. An inexpensive assay uses cumene 
hydroperoxide (2.4 mM) in place of the NADPH generating system. A known 
volume of B(a)P was added to the incubation from a stock solution of 
2mg/ml in DHF and the reaction was allowed to proceed by incubating at 
37°C, The reaction was stopped by the addition of 1ml ice-cold acetone and 
denatured protein was removed by centrifugation on a bench centrifuge at 
full speed for 10 minutes. An aliquot of the supernatant (0.6ml) was 
removed and placed in a fresh tube to which was added 1.4ml triethylamine 
(8.5% in H^ -O). This solution was spun for 10 minutes at full speed and the 
supernatant used to measure 3-0H B(a)P fluorimetrically at 467nm excitation
520nm emission (500-560nm scan). The concentration of 3-OH B(a)P was then 
determined against a quinine sulphate standard previously measured against 
a 45pmole 3-OH B(a)P standard. The assay was always performed in duplicate 
with both denatured enzyme and buffer blanks.
2.2.1.5 METHOD OF DEHNEN ET AL (1973)
The modified method of Dehnen et al (1973) follows the original in the 
design of the incubation mix and conditions. Following the incubation 0.1ml 
10% Triton in triethylamine was added. The contents were mixed and allowed 
to stand for 1 minute before adding 0.01ml 5% EDTA. The tube was spun at 
top speed on a bench centrifuge for & hour. The clear supernatant was 
removed and 3-OH B(a)P was fluorimetrically determined.
2.2.1.6 METHOD OF IEBERT & GELBOH (1968)
The incubation mix was the same as previously described. The reaction 
was stopped by addition of 1ml ice-cold acetone. Hexane (3.25ml) was added 
to the mixture which was then incubated with shaking at 37°C for 10 
minutes. A 1.0ml sample of the organic phase was extracted in 3ml 1M NaOH. 
The concentration of 3-OH B(a)P in the alkali phase was measured 
spectrofluarimetrically with activation at 434nm and emission was scanned 
between 450 and 600nm to give the 3-OH B(a)P peak at around 522nm.
2.2.2.1 DEIATTJRATIOI OF CYTOCHROME P450
Denaturation of an enzyme during its recovery or during use is a major 
consideration in the design of such systems. The following experiments were 
designed to evaluate the effect of the PEG method of recovery and alginate 
immobilisation on cytochrome P450 denaturation.
2.2.2.2 EFFECT OF PEG 01 CYTOCHROME P450 STABILITY
Freshly prepared 40ml samples of disruptate were dosed with PEGC60003 
to a final concentration of 0, 3, 5 and 7% <w/v>. The samples were incubated 
at 37°C in a shaking water bath and 4-ral aliquots were periodically 
withdrawn and assayed for cytochrome P450 by the method of Omura & Sato 
(1964).
2.2.2.3 EFFECT OF ALGINATE IMMOBILISATION ON CYTOCHROME P450
STABILITY
Quantitative recovery of enzyme from the calcium alginate gel matrix 
cannot be satisfactorily achieved. Thus the immobilisation procedure was 
broken down into its component stages; i.e. exposure to 0.2 M CaCls: during 
immobilisation and contact with 3% sodium alginate solution. Due to the 
viscosity of 3% sodium alginate containing the microsomal cytochrome P450 
a satisfactory cytochrome P450 assay cannot be achieved. Therefore, 
following a preliminary attempt in which the CO bubbles could not be 
dispersed in the assay cuvette and hence no uptake of CO by cytochrome 
P450 was achieved, no further attempt was made to monitor cytochrome P450 
decay in the presence of 3% sodium alginate. The precipitate from the PEG 
precipitation stage was resuspended in Tris buffer containing calcium 
chloride. Calcium chloride concentrations of 0.1, 0.3 and 0.5M were used. The 
redissolved precipitates were incubated at 38°C for 30 minutes with 5ml 
aliquots taken at 10 minute intervals and assayed for cytochrome P450 by 
the method of Omura & Sato (1964).
2.2.2.4 EFFECT OF YEAST MICROSOMAL CONCENTRATION ON CYTOCHROME P450
STABILITY
A microsomal cytochrome P450 preparation produced using the PEG 
precipitation method was diluted 1:8, 1:6 and 1:3 with 0.1M Tris buffer pH 
7.1. The three samples were incubated at 37°C and 5ml samples removed at 
intervals and assayed for cytochrome P450 by the method of Omura & Sato 
(1964). Dilutions greater than 1:8 were impractical because of the 
difficulty in accurately measuring cytochrome P450 in dilute solutions.
2*2.2.5 EFFECT OF CUXEIE HYDROPEROXIDE 01 MICROSOMAL CYTOCHROME P450
STABILITY
Cumene hydroperoxide is present in the B(a)P hydroxylase assay as a 
supplier of active oxygen to the hydroxylation reaction. It is also a 
powerful oxidising agent and so the effect of 0.2, 0.1, 0.05, 0.036, 0.02 and
0.01% (v/v> cumene hydroperoxide solution on cytochrome P450 stability was
of
investigated. Volumes (20mr;^ cumene hydroperoxide solution, twice the 
strength stated above, were prepared. Microsomal enzyme preparation was 
removed from the -80°C freezer and allowed to thaw slowly at room 
temperature. Both cumene hydroperoxide solution and enzyme were 
preincubated at 37°C. Aliquots (2.5ml) were removed from each solution and 
combined. Timing of denaturation started at this point. The 5ml samples of 
cumene hydroperoxide/enzyme removed from the water bath were assayed for 
cytochrome P450 at 1 minute intervals.
2.2.2.6 EFFECT OF TEMPERATURE OM MICROSOMAL CYTOCHROME P450 STABILITY
Enzyme preparation was removed from the -80°C freezer and allowed to 
thaw slowly at ambient temperature. Samples (40ml) were incubated at 
temperatures of 23°C, 37°C and 48°C with 5ml samples being withdrawn 
periodically for cytochrome P450 determination.
3.3 RESULTS
2.3.1.1 BUDDTG SPECTRA OF B(a)P ¥ITH PEG-PREC IP IT ATBD MICROSOMAL
PREPARATIOI
The addition of B(a)P to PEG-precipitated microsomal preparation 
yielded the characteristic binding spectra associated with B<a)P binding to 
the active site of cytochrome P450 (Azari & Viseman, 1982d; King & Wiseman, 
1982). In qualitative terms this shows that B(a)P has access to the active 
site of cytochrome P450 and that the novel method of microsomal 
preparation using PEG does not reduce the availability of cytochrome P450 
to its substrate, B(a)P (Fig. 2.5). A double reciprocal plot of absorbance 
change versus B(a)P concentration was used to analyse the data further 
(Azari & Viseman, 1982a). Six of the seven data points fell on an 
acceptable straight line (r2 = 0.989 n = 6) (Fig. 2.6). The rogue point is 
at a low substrate concentration where it is assumed high pipetting errors 
are likely. For this reason the rogue point was not included in the 
graphical or statistical analysis of the data. The intercept on the 
reciprocal B(a)P concentration axis represents - K., the dissociation 
constant. The K« value was determined as 270/jlM.
2.3.1.2 BUDIIG SPECTRA OF PEG TO CYTOCHROME P450
The specific or non-specific binding of PEG to cytochrome P450 would 
result in a spectral change similar to the modified type I binding seen 
with B(a)P. Fig. 2.7 shows there is a slight perturbation of the spectrum 
between 350nm and 450nm when PEG is added to a solution containing 
cytochrome P450. This minor perturbation does not occur at a wavelength 
associated with type I or type II binding to cytochrome P450.
2.3.2 BCa)P HYDROXYLASE ACTIVITY
2.3.2. ASSAY RESULTS USHG THE METHOD OF DEHHEM ET AL (1973) (MODIFIED)
The method of Woods & Viseman for the detection of B(a)P hydroxylase 
activity differs from that of Dehnen et al (1973) in that 1ml ice-cold
acetone is added to the incubation mix to stop the reaction followed by 
extraction of the organic phase into an 8.5% solution of triethylamine. The 
first centrifugation step achieved an efficient sedimentation of the yeast 
protein material but a distinct lipid layer was visible on the surface of 
the supernatant. The lipid could be easily removed from the surface of the 
supernatant using a Pasteur pipette to allow the 0.6ml aliquot of 
supernatant to be removed. The aliquot showed turbidity which did not clear 
on addition to the triethylamine solution. This was not a consistent feature 
of the assay but appeared in approximately 1 in:-8 cases. Tables 2.2-2.4 
show the data of experiments designed to determine a velocity-time profile 
for the production of 3-OH B(a)P, at various B(a)P concentrations. The 
surprising feature of this data is that the fluorescence of the control 
samples (cytochrome P450 content is zero) is in many cases the same or 
greater than the fluorescence of the test samples. Very poor duplication of 
the experimental data is evident and this prompted an investigation of 
alternative methods of measuring B(a)P hydroxylase activity. Prior to using 
other methods it was shown that neither PEGC6000] or cumene hydroperoxide 
has any significant effect on fluorescence at the 3-OH B(a)P wavelength. 
Furthermore it was shown that cumene hydroperoxide solution prepared a day 
previously could not support the B(a)P reaction, demonstrating the necessity 
for fresh solution of cumene hydroperoxide.
2J5J2J2 ASSAY RESULTS USHG THE METHOD OF DEHIEI BT AL (1973)
An aliquot of 10% Triton in triethylamine (0.1ml) is used to stop the 
incubation, followed by 0.01ml 5% EDTA. The centrifugation resulted in a 
clear supernatant and a hard pellet. A lipid layer was evident on the 
surface of the supernatant which was removed using a Pasteur pipette. The 
principal problem experienced initially was recovering sufficient 
supernatant to perform a spectrofluorometric analysis. This was overcome 
simply by doubling the volume of the incubation mix so allowing the 1.0ml 
needed for the spectrofluorometric assay to be easily recovered. The 
supernatant from the centrifugation was slightly turbid and could not be 
cleared by further centrifugation or by using a 0.1pm filter. Data (Tables 
2.5-2.10) from this trial shows an improvement in the duplication of the
method and a reduction in fluorescence of the control samples. However, no 
satisfactory time course was achieved (Table 2.9). The time course results 
show poor duplication with large control values and no consistent trend of 
3-OH B(a)P production with time.
23.2.3 ASSAY RESULTS USUG THE METHOD OF HEBERT & GELBOOf (1968)
The method of Hebert & Gelboin (1968) was the technique originally 
proposed for the measurement of B(a)P hydroxylation. Residual B(a)P and its 
metabolites are extracted in hexane, followed by extraction of the water- 
soluble components (e.g. 3-OH B(a)P) from the hexane by sodium hydroxide. 
The advantage of this method was shown to be in the recovery of a clear 
preparation for the fluorometric measurement of 3-OH B(a)P. Ho lipid 
contamination of the sample could be observed. The practical disadvantages 
of this method were that it involves a time consuming extraction yielding 
large quantities of carcinogen-contaminated solvent and glassware. As in 
the previous methods very poor agreement between duplicates was observed 
in some cases. The control results were unexpectedly high and were often 
higher than the test results. Attempts at producing a reaction time course 
(Tables 2.11, 2.14 & 2.15 did not produce a consistent profile. Tables 2.14 
& 2.15 show contradictory results with fluorescence increasing and 
decreasing respectively with time. The effect of enzyme concentration on the 
final concentration of 3-OH B(a)P (represented by fluorescence readings) 
show a decrease in fluorescence with enzyme concentration. Duplication in 
this experiment was excellent «  10% variation) and control fluorescence 
values were consistent (x~ = 440 o'" = 32.8 n = 5).
2.3.3 IADPH-SUPPORTED B€a)P HYDROIYLAT10H
2.3.3.1 VADFH GEHERATIHG SYSTEM
The generation of HADPH from HADP by the G-6-P conversion to 
phosphogluconic acid catalysed by G-6-P dehydrogenase was followed using 
identical components to those present in the assay mix. The reaction 
profile is shown in Fig. 2.8 and is a continuous curve taken directly from
the chart recorder output of the absorbance of the generating system at 
340nm. The initial reaction rate corresponds to 1.8 * 10-7 moles HADPH 
produced/min/ml or 2.25 x 10-e moles HADPH produced/min/unit G-6-P 
dehydrogenase. This test confirmed that HADPH was being produced by the 
generating system in sufficient molar quantities to fuel the cytochrome 
P450 associated B(a)P hydroxylatian.
2.3.3.2 IADPH-SUPFORTBD ASSAY
Tables 2.16-2.19 show data from attempts to characterise the B<a)P 
hydroxylase activity of the enzyme preparation using a HADPH supported 
reaction as shown in the cytochrome P450 reaction scheme in 
the introduction to this chapter. The principal drawback with this method 
is the expense of the reagents employed and the expensive and complex 
cofactor recycling requirement that an immobilised enzyme reactor would 
need to have (see Discussion). In practical terms the assay gave a similar 
degree of turbidity in the final sample with the assay of Dehnen et al 
(1973), as experienced with the cumene hydroperoxide-supported reaction. Ho 
turbidity was noted in the final alkali extract using the method of Hebert 
& Gelboin (1968). Ho satisfactory time course of production of 3-OH B(a)P 
could be established using the HADPH-supported reaction.
2.3.4 DEHATURATIOM OF MICROSOMAL CYTOCHROME P450
2.3.4.1 EFFECT OF PEG 01 CYTOCHROME P450 STABILITY
A regression analysis was performed on each data set (Figs 2.9-2.14) 
setting the line through the origin. An exponential decay was assumed, 
hence:
Et = Eo e-*dt
The value of kj thus represents the decay constant which is related to the 
more familiar half-life by:
= Q.,693 
t*
2.3.4.2 EFFECT OF CALCIUM CHLORIDE COICEMTRATIOI OM CYTOCHROME P450
STABILITY
The effect of calcium chloride on cytochrome P450 stability is of 
concern as it is used in the alginate immobilisation of cytochrome P450. 
The results (Table 2.23) demonstrate that there is no dramatic denaturation 
of cytochrome P450 in the presence of calcium chloride. This experiment 
again shows the poor reproducibility of the spectrophotometric assay of 
cytochrome P450. In each of the four decay time courses the level of 
cytochrome P450 was observed to increase between successive readings. 
Therefore, whilst it is impractical to quantify the effect of calcium 
chloride an cytochrome P450 denaturation, qualitatively it appears that 
there is no effect on cytochrome P450 denaturation up to 0.5M CaCl2.
2.3.4.3 EFFECT OF MICROSOMAL COICEMTRATIOI OV THE DEIATURAT101 OF
CYTOCHROME P450
The results of denaturation trials at different cytochrome P450 initial 
concentrations are shown in Table 2.24. After 250 minutes the sample which 
was diluted eight-fold retained 53% of its initial activity whilst the 
sample diluted three-fold retained 58% of its initial activity. The 
intermediate dilution of six-fold gave an unexpectedly high result of 77% 
recovery over a similar period. The results show no detrimental effect on 
the stability of cytochrome P450 by dilution to at least eight-fold.
2.3.4.4 EFFECT OF CUMEVE HYDROPEROXIDE 01 CYTOCHROME P450 STABILITY
The effect of different concentrations of cumene hydroperoxide on the 
denaturation of microsomal cytochrome P450 is shown in Fig. 2.15.
Increasing concentrations of cumene hydroperoxide result in an increasing 
rate of denaturation of cytochrome P450. At 0.2% cumene hydroperoxide no 
cytochrome P450 can be detected after 1 minute at 37°C. From these results 
the half-life of the enzyme in a 5mM solution of cumene hydroperoxide 
(assay conditions) can be estimated as between 5 and 10 minutes. It is 
important to note that the cytochrome P450 assay of Omura & Sato (1964)
takes approximately 4 minutes and cumene hydroperoxide related denaturation 
can continue throughout this time. The half-life of microsomal cytochrome 
P450 under assay conditions was considered too high for the proposed use 
of microsomal cytochrome P450 and thus the FADPH-supported B(a)P 
hydroxylation was investigated as an alternative assay.
2.3.4.5 THERMAL STABILITY OF MICROSOMAL CYTOCHROME P450
Tables 2.26-2.28 list the time/cytochrome P450 data from experiments 
carried out at 23°C, 37°C and 48°C. As in section 2.3.4.2 the data was 
analysed assuming an exponential decay. The decay curves are presented in 
Figs 2.16-2.18. Each set of data was regressed using the Minitab statistical 
package. Hence the gradient of the line passing through the origin of the 
best fit was determined.
The gradient expresses the decay constant kd from:
In Eo. = kd t
Et. kd = 0.693
tv*
Table 2.29 shows the effect of temperature an the measured value of Kd.
This data was used to construct an Arrhenius plot of log (Kd) versus 
1/absolute temperature (Fig. 2.19).
3D X S C U S S  I OUST
The in vivo hydroxy laticm of B(a)P by the yeast cytochrome P450 system 
has not been fully evaluated. The equivalent enzyme has been the
subject of much study (Phillipson et el, 1984; DePierre & Ernster, 1978) due 
to the reactive matabolites formed during the hydroxy lation and their 
relationship to cancer (DePierre & Ernster, 1978). Fig. 2.2 shows the 
proposed mechanism far the hydroxy lation reaction catalysed by cytochrome 
P450 (Hrycay, 1976). Of particular interest to this study is the requirement 
of the reaction far a source of active oxygen. The active oxygen can be 
supplied by a peroxide (organic or inorganic) or via a complex microsomal 
electron transport chain requiring a cofactar FADP’ and molecular oxygen. 
The development of an immobilised enzyme reactor based on microsomal 
cytochrome P450 ideally requires the reaction to be supported by an 
inexpensive cofactar. The cask of supplying cumene hydroperoxide in 
concentrations of 2.4mX to a reactor would be approximately £0.02/litre 
whereas the cast af supplying the 1ADPH generating system would be 
approximately £209/litre. These values have been obtained from current 
reagent costs* and assay concentrations typically used (Woods, 1979). The 
principle of cofactar recycling within an enzyme reactor has been 
investigated CKosbach, 1982) who reported schemes for permanently fixing 
the coenzyme FAD’ in the vicinity of alcohol dehydrogenase so allowing 
continuous regeneration of the enzyme cofactor. Far reasons of large scale 
feasibility and cost the cumene hydroperoxide-supported B(a)P hydroxy lation 
was selected for development.
The metabolites resulting from B(a)P hydroxy lation are more polar than 
B(a)P and can be extracted from the parent compound by solvent extraction 
(Febert & Gelboin, 1968) and alkali back-extractian. The metabolite, 3-OH 
B(a)P fluoresces at a characteristic wavelength and is used to quantify the 
overall rate of hydroxy lation of B(a)P.
The alternative to solvent extraction was proposed by Dehnen et al 
(1973) who added triethylamine (to stop the reaction and quench B(a)F
* Prices based an 1987 Sigma catalogue.
fluorescence) and Triton X100 (to solubilise the system and decrease light 
scattering) to the incubation mix. The fluorescence of the 3-OH metabolite 
could then be measured at its characteristic wavelength, without the need 
far solvent extraction and alkali back extraction. The measurement of one 
metabolite out of the seventeen farmed in the hydraxylation poses same 
obvious problems in establishing a valid assay.
Wiseman 8 Woods (1979) used HPLC to separate the B(a)P metabolites and 
establish a metabolite profile. The stoichiometric ratios are not discussed 
but it appears from the HPLC trace that there are at least 3 other 
metabolites produced in similar quantities to 3-OH B(a)P. The determination 
of 3-OH B(a)P as a measure of total aryl hydrocarbon hydroxylation is only 
valid if the ratios of the metabolites are constant with time. This has not 
been shown and as such the assays described by Dehnen et al (1973), Yebert 
8 Gelboin (1968) and others cannot be considered as fully valid and the 
findings presented here show that the data from these assays should never 
be interpreted quantitatively. Similarly the effect of ionic strength, pH, 
substrate concentration and buffer type may shift the metabolite profiles 
in favour of a particular metabolite. Thus the measurement of 3-OH B(a)P 
can at best be considered as only a semi-quantitative tool and in the 
context of kinetic evaluation of B(a)P hydroxylase must be used with 
caution.
Hanson 8 Pouts (1972) described the problem of changing metabolite 
patterns and also attributed their inconsistent results to further 
metabolism of the metabolites. Phillipson et al (1984) showed that 3-OH 
B(a)P undergoes further YADPH-dependent oxygenation leading to a loss in 
fluorescence. An assay for the determination of total B(a)P metabolised was 
devised by DePierre et al (1978) using radio-labelled B(a)P. The polar 
radio-labelled products were extracted and quantified using scintillation 
counting. The activity of the rat liver microsame system was twice that 
observed with the traditional fluorescent assay. The disadvantage of this 
procedure is that only 50pmol product/ml can be detected compared to 
1.22pmol/ml with the fluorescent assay (DePierre 8 Ernster, 1978). A direct 
fluarimetric assay measuring the rate of disappearance of B(a)P was 
reported by Yang et al (1978). The fluorescence measurement was tiaHp in the
presence of the microsomal system but no account seems to have been made 
of fluorescence-quenching effects of the protein. Yeither of these 
alternatives is feasible far the PEG-prepared S. cerevisiae enzyme which is 
a turbid solution (a constraint with the direct fluorimetric assay) and of 
law activity (a constraint of the radioactive assay). Thus the methods of 
fluorimetric determination of 3-OH B(a)P were used in this study.
Whilst the above problems are practical there are several inherent 
disadvantages in the B(a)P hydroxylase assay which other authors who have 
published in this field have failed to recognise and which are explained 
below based on the results obtained in this study.
The PEG-prepared microsomal cytochrome P450-rich preparation is a 
lipid and protein-rich yeast concentrate with gross cell debris and nuclear 
material excluded by the preliminary centrifugation of the disruptate. The 
endoplasmic reticulum (the membrane bilayer believed to be the site of 
cytochrome P450) and other lipid complexes have been shown to have a 
special affinity far lipophilic substrates such as B(a)P and its metabolites 
(Schuster et al, 1975). The effect on the validity of the assay is two-fold. 
Firstly the binding of B(a)P to the lipid fraction of the preparation would 
'immobilise* the substrate so resulting in a lower available substrate 
concentration for cytochrome P450. Similarly the binding of the metabolites 
of B(a)P in the lipid fraction could reduce their availability to the 
solvent extraction procedure and result in a lowered fluorescence of the 
final extract.
Acheson et al (1976) noted this effect when attempting to extract PAH 
from water using dichlaramethane. They found that the presence of suspended 
solids in their sample interfered with the extraction of PAH from solution. 
Likewise it has been reported several times (Cumps et al, 1977; DePierre 8 
Ernster, 1978; Finner et al, 1987; Phillipson et al, 1984; Hanson 8 Fouts, 
1972) that non-specific binding of B(a)P to hydrophobic groups of protein 
may result in a decreased substrate concentration and cause spurious 
effects. Hanson 8 Fouts (1972) found difficulty in correlating microsomal 
protein concentration and the reaction rate over a range of substrate 
concentration. Cumps et al (1977) noted that the Km value far B(a)P
hydroxylase increased with increasing concentration of protein due to 
competitive inhibition by reversible and non-specific binding of the 
substrate.
Both the lipid and protein non-specific binding of substrate are likely 
to be present in the PEG-prepared microsomal cytochrome P450 samples used 
in this study, and may explain the inconsistent results obtained.
The solubility of BCa)P in water at 20°C is listed in most sources as 
zero Ce.g CSC handbook] but has been shown to be approximately 9-24pX.
(Bayland & Green, 1962). However substrate concentration for the B(a)P 
hydroxylase assay is quoted as high as 316/iX (Woods & Wiseman, 1979). This 
apparent contradiction can be explained in two ways. Firstly B(a)P is 
always added to the assay in an organic solvent such as acetone (Woods 8 
Wiseman, 1979), DXSO (Hanson 8 Fouts, 1972) or DXF (Azari 8 Wiseman,
1982b). The addition of small volume of solvent is likely to reduce the 
dielectric constant of the solution so raising the apparent solubility of 
B(a)P. A more important effect is the solubilisation of B(a)P by protein in 
the assay mixture which acts as a surfactant by virtue of its hydrophobic 
and hydrophilic groups. Hanson 8 Fouts (1972) attained B(a)P concentration 
of 400fim using BSA or Tween 80 (paly axyethylmonooleate) as surfactants. 
The apparent and Km values of hepatic microsomal B(a)P hydroxylase
were increased in the Tween 80 system. Therefore it must be emphasised that 
although the overall substrate concentration may be known it is difficult 
to predict the substrate concentration available to the cytochrome P450 
active site. The preparation used in this study would certainly show the 
above effects, due to its high protein concentration. The light sensitivity 
of B(a)P and its metabolites is a recognised but poorly characterised 
phenomenon. All assays were carried out under an aluminium foil wrap to 
reduce non-enzymic oxidation of substrate and metabolites.
Although the cumene hydroperoxide-supported cytochrome P450-associated 
hydroxy lation has been used by several workers (Woods 8 Wiseman, 1979; 
Azari 8 Wiseman, 1982; Hrycay, 1976), the resulting increased denaturation 
rates caused by its use have not been determined. The cumene hydroperoxide 
concentration used in this study was 0.036% which results in an enzyme
half-life of between 5 and 10 minutes at assay temperature. This 
denaturation study brings into question the validity of the results 
previously reported using organic peroxides to support the cytochrome P450 
hydroxylaticms. It is possible that previous workers have also experienced 
cytochrome P450 loss over the assay incubation period but in confining 
their interests to the hydroxylase activity have detected the non-specific 
hydroxylatians caused by the presence of the organic peroxide but have not 
measured the dramatic loss of the enzyme responsible for the 
hydroxy latians.
Thus the feasibility of using a cumene hydroperoxide supported reaction 
on an industrial scale is certainly questionable, due to the very short t** 
of the enzyme. Further work is needed to show that the hydroxy lation can 
still be supported at much lower cumene hydroperoxide concentrations and 
consequently higher t* values. Such high denaturation rates encountered in 
this study imply that the rates of formation of B<a)P metabolites reported 
by previous workers using the cumene hydroperoxide supported reaction may 
be gross underestimates of the time reaction rate. The underestimate will 
increase as the incubation time increases.
The binding spectra of BCa)P with the preparation gave the 
characteristic binding spectra with the trough at 415nm being a function of 
B(a)P concentration. The important conclusion from this result is that the 
active site of cytochrome P450 is accessible to the substrate. The 
dissociation constant K» is approximately five times higher than that 
previously reported by Azari & Wiseman (1982b). This suggests a lower 
affinity of the enzyme in this study for B(a)P. However it could also be 
explained in terms of the low purity of the preparation and the consequent 
decrease in availability of the substrate due to non-specific binding.
A detailed understanding of the kinetics of the free enzyme are 
required prior to any attempt at modelling the immobilised form of the 
enzyme. Small changes in assay condition such as pH, ionic strength, 
temperature, substrate concentration, enzyme concentration and buffer type 
must be evaluated in terms of rate of formation of product. This study has
shown conclusively that the present methods of determining B(a)P 
hydroxylation using the PEG-prepared sample are inappropriate. The assay 
lacks specificity, has poor reproducibility and is associated with major 
technical difficulties.
On the basis of these results it was decided to discontinue the study 
of the B(a)P hydroxylase activity of cytochrome P450 and evaluate the use 
of the enzyme as an affinity ligand.
Several measures were taken to maintain cytochrome P450 stability 
during the experimental work. Previous workers (Azari, 1984; King, 1982) 
developed a buffer system for yeast cytochrome P450 which was used for the 
microsomal and the soluble forms of the enzyme. The buffer contains 
dithiothreitol which protects the protein's thiol groups so maintaining the 
tertiary structure. EDTA was also added to chelate metal ions and so reduce 
the probability of auto-oxidation of protein functional groups. The pH of 
the buffer was maintained at pH 7.1. In this study the more usual phosphate 
buffer was substituted by Tris buffer because the phosphate buffer could 
not be used in the subsequent calcium alginate immobilisation step.
Similarly EDTA was omitted from the buffer because it would interfere with 
calcium alginate immobilisation. Microsomal cytochrome P450 was always 
stared at -80°C awaiting experimental work. Samples stared at -12°C showed 
poor stability. Generally no losses were noted over the freeze-thaw cycle. 
Awaiting experiments the cytochrome P450 was always maintained at 4°C. The 
results from the experiment show no trend of stability with increasing PEG 
levels. Of same interest is the half-life value of 1.91 hours associated 
with the sample containing no PEG. All samples containing PEG showed longer 
half-lives than 1.91 hours. This test showed that PEGC60003 did not 
adversely affect cytochrome P450 stability. Vork by Boni & Hui (1983) found 
that membrane segments fused when exposed to PEG. IMS showed a 
rigidisation of phospholipid molecules. As cytochrome P450 in its 
microsomal form is a membrane-bound enzyme it was important to determine 
the effect of the PEG precipitation on cytochrome P450 stability.
The immobilisation of cytochrome P450 using calcium alginate involves 
dropping the microsomal preparation containing 3% sodium alginate into a
large volume of buffer containing 0.2K CaClz. The effect of the exposure of 
microsomal cytochrome P450 to a high ionic strength solution on the enzyme 
stability was uncertain and represents the most aggressive step in the 
immobilisation procedure. The data was taken over a 30-minute period and at 
38°C (the water bath was set far 37°C) as this represents the assay 
condition for the B(a)P hydroxylase assay.
The poor reproducibility of the cytochrome P450 assay yielded data 
which shows an apparent increase in cytochrome P450 between assay points. 
The data does conclusively demonstrate that CaClz in concentrations up to 
0.5X does not have an adverse effect on cytochrome P450 stability. Hence, 
as the immobilisation is carried out at 0.2X CaCLz, no enzyme loss due to 
calcium ions would be anticipated as a consequence of the alginate 
immobilisation. Xozhaev & Martinet (1984) described the stabilisation 
mechanism involved in protein-protein interactions. On the protein surface 
there are non-polar amino acid residues whose contact with water is 
thermodynamically unfavourable. As soon as two adjacent protein molecules 
aggregate these non-polar residues may be removed from their aqueous 
environment and hence the free energy of the system diminishes and the 
molecule is mare stable.
Therefore in this study the expected effect of dilution would be to 
increase the rate of enzyme denaturation. The data obtained is inconclusive 
due to the poor reproducibility of the cytochrome P450 assay. A tentative 
conclusion would be that the most dilute sample shows the greatest degree 
of enzyme denaturation. However the most concentrated sample shows a very 
similar degree of denaturation after a similar time. The data does show 
that dilution within the experimental limits has little effect on the rate 
of denaturation.
The cytochrome P450 preparation may be in a form in which two 
protective effects are operational. The enzyme is held within a membrane 
and is thus in a hydrophobic environment which favours stability. Secondly 
the membrane-bound enzyme is contained in a microsomal particle. Thus the 
'package' of membrane material which constitutes the microsomal particle 
would have a further protective effect. If the preparation was diluted the
number of microsomes/unit volume would decrease but the micro-environment 
of the protein within the microsomal particle would be constant.
Hrycay 8 O'Brien (1973) first showed that cumene hydroperoxide was an 
efficient cofactar far cytochrome P450 from rat liver. Voods (1979) applied 
this finding to the yeast cytochrome P450 B(a>P hydroxylase activity. Both 
workers used concentrations of approximately 0.036% <w/v) cumene 
hydroperoxide. The data presented here clearly shows that at the above 
concentration yeast cytochrome P450 is rapidly destroyed. An approximate 
enzyme half-life is 2-3 minutes. Clearly cumene hydroperoxide cannot be 
used to support the B(a)P hydroxylase activity of cytochrome P450 in these 
concentrations. Further work is needed to assess the effect of lower 
concentrations of the peroxide and the ability to support the enzyme 
reaction. The cumene hydroperoxide supported B<a)P hydroxylase time course 
presented by Voods (1979) shows the hydroxy lation proceeding after 30 
minutes. The data presented here would suggest this was not an enzymic 
hydroxy lation but could be a non-specific peroxide hydroxy lation.
The stability of an Immobilised enzyme preparation is of the utmost 
importance when considering the economics of the reactor design.
The costs in setting up an Immobilised enzyme reactor are divided 
between the cost of the enzyme, the cost of the immobilisation procedure 
and the cost of the reactor *hardware'. The replacement of the spent 
immobilised enzyme with fresh IKE is thus a significant cost in the 
operation of an enzyme reactor and enzymes showing good stability under 
operating conditions are generally selected for industrial use. However, if 
the product of the reaction is highly valuable then perhaps a poor enzyme 
half-life could be acceptable.
The results of this study show that cytochrome F450 a half-life of 
~ 66 minutes at 37°C. This half-life value is considerably lower than any 
value reported in the literature for industrial enzyme systems. The 
Arrhenius plot of lag Kd versus 1/T°K enables the deactivation energy to be 
calculated from the slope. This value was found to be 33.559 kJ/mole.
Footnote: IKE is an abbreviation for Immobilised Enzyme.
The reported product of yeast cytochrome P450 activity on B(a)P is 3- 
OH B(a)P. The reported rate of formation of the product is of the order of 
50pmol//imol enzyme/hour. At this very slow rate of reaction and very poor 
half-life, the use of cytochrome P450 in the production of 3-OH B(e)P from 
B(a)P is unlikely to be profitable. It should be noted that the rate of 
denaturation in the presence of cumene hydroperoxide is considerably 
enhanced (as shown in this chapter).
The alternative use for yeast cytochrome P450 in the selective uptake 
of B(a)P from process streams is Investigated in the subsequent chapters.
Table 2.1 Occurence of Cytochrome P450 in Yeasts 
(Taken from Karenlampi et aL 1980)
Yeast
Brettanomyces anoaalus 
Candida trap (alkane grown) 
Candida utilis (alkane grown) 
Debaryomyces hausenil 
Hausensula anomala 
K1 uyveromyces fragilis 
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Shodotorula sp.
Saccharomyces bay anus 
S. cerevisiae FCYC 240 
S. chevalieri 
S. italicus 
Torulopsis daffila 
T. glabrata
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THE BIEDIHG SPECTRUM OF BEHZO(A)PYREHE TO MICROSOMAL CYTOCHROME P450 
PREPARED BY THE METHOD OF SADLER ET AL (1983)
This was measured by the split cell technique to remove interference 
from the absorbance of BCa)P. The increasing amplitude of each 
individual spectrum results from increasing concentrations of 
B(a)P in the split cell.
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THE BIHDIHG SPECTRUM OF BEK20(A)PYRESE TO 10% PEG
This spectrum indicates that PEG does not interfere or contribute to 
the cytochrome P450 binding spectra
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Semi-log plot showing the thermal stability of Microsomal 
cytochrome P45Q at 23°C
The solid line was drawn from a least squares regression 
analysis forcing the line through 0, 0
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support the B<a)P hydroxylase assay and this data conclusively 
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Arrhenius plot of Microsomal cytochrome P45Q thermal
deactivation
Solid line Is drawn from a least squares analysis of the, data
MORPHOLOGY CDF THE ALGINATE
IMMOBILISED ENZYME
3 . X  X M T R O D U C T  I O U T
The overall intention of this study was to examine the practicability 
of immobilising microsomal cytochrome P450 for use in a large scale system, 
enabling the cytochrome P45O-dependent B(a)P hydroxylase activity to be 
exploited. In designing such a system several parameters concerning the 
morphology of the support must be investigated. Of primary importance is 
the pore size of the support which will give a qualitative view of the ease 
of access of substrate and the likelihood of the entrapped microsomal 
cytochrome P450 leaching from the support. From quantitative considerations 
it is important to establish the profile of the immobilised species through 
the support. This is a much overlooked area as most authors endeavouring to 
model immobilised enzyme systems assume homogeneity within the support, 
without actually demonstrating it.
3.1.1 EVZYXE BDtOB IL IS AT 101
The term enzyme immobilisation is generally accepted as a description 
of the stable association of an enzyme with an insoluble support. The 
immobilised enzyme can thus be easily separated from the mobile phase 
containing the substrate and hence reused. The term immobilised must be 
distinguished from the term insolubilised. The latter refers to the case 
where the enzyme is attached to an insoluble support whereas the farmer 
refers to the more general case of association with an insoluble support. 
Hence an ultrafiltration membrane can retain an enzyme in a closed system 
whilst allowing the product of the reaction to leave the system 
(Butterworth et al 1970) and is thus an example of an immobilised enzyme 
system whilst clearly the enzyme is still soluble. Zaborsky (1973) 
classified the methods employed for the immobilisation of enzymes into two 
categories. The chemical methods category describes any method involving 
the formation of a covalent bond between enzyme and support. The physical 
methods category describes three methods in which the enzyme is non­
modified and immobilised by either charge attraction to the support or 
physical entrapment within the matrix. These methods will be
considered in depth and the potential advantages and disadvantages of 
applying them to this work will he discussed.
The covalent attachment of an enzyme to an insoluble support is usually 
via a functional group which has been added to the otherwise inert support. 
Diazo coupling of enzyme amino acids to diazonium derivatives of water 
insoluble supports is a widely used technique. Supports containing aromatic 
amino groups are diazotised with nitrous acid and the resultant diazonium 
derivitives are conjugated to enzyme proteins:
SUPPORT-NH2 - >  CSUPPORT-rs N )C 1 "  - >  S U P P Q R T-N sN -en zyise
N a N tL /H C l + e n z y n e
These techniques have been applied to polysaccharide derivatives, 
polyacrylamide derivatives, styrene resins (Mosbach fir Mattiasson, 1974) and 
aminosilanized glass (Goldman fir Katachalski, 1971).
The peptide binding method of conjugating an enzyme to a support 
utilises carboxyl groups an the support which are converted to reactive 
derivatives such as the acid azide or acid chloride. The protein then binds 
to the support via a peptide linkage. The peptide linkage has been mainly 
used in conjugating enzymes to polysaccharide supports via acid azide 
derivitives, maleic anhydride derivatives (Mori et al, 1972) and CNBr 
derivatives (Zaborsky, 1973).
Cross linking between support amino groups and enzyme protein amino 
groups can be achieved using a bi- or multi-functional reagent such as 
glutaraldehyde. For example glucose oxidase (AVrameas, 1969) and trypsin 
(Avrameas, 1969) have been immobilised using the crosslinking method with 
glutaraldehyde. Covalent binding methods are generally carried out under 
relatively severe conditions. In some cases significant enzyme activity lass 
will be observed. The principle advantage of this method of enzyme 
immobilisation is that enzyme leaching, even at extremes of pH or ionic 
strength, is minimal and therefore is suited to immobilised enzyme 
appplicatian where prolonged use is anticipated. For these chemical
immobilisation procedures to be effective the enzyme must be freely 
available to the support for coupling to take place. In the case of 
microsomal cytochrome P450 the enzyme is surrounded by a relatively large 
envelope of mainly membrane-derived material generally known as the 
microsome. The cytochrome P450 is therefore not easily available for 
covalent attachment to insoluble supports. This method is not applicable to 
the immobilisation of microsomal cytochrome P450 since the enzyme is not 
in a solubilised form where carboxy or amino groups on the cytochrome P450 
would be available for attachment to the insoluble support.
Physical adsorption of an enzyme to the surface of an insoluble support 
was first noted by Nelson & Griffin (1916) who observed that an invertase 
preparation retained its activity when adsorbed on activated charcoal. A 
wide range of inorganic supports have since been used to adsorb enzymes, 
such as alumina (Muyamoto et al, 1971), parous glass (Messing, 1970) and 
titania (Messing, 1974). The binding force between enzyme protein and 
carrier is weak and thus small changes in the environment pH or ionic 
strength may cause the enzyme to be desorbed. This disadvantage of physical 
adsorption must be balanced against the gentle nature of the adsorption 
process and the resultant good retention of enzyme activity.
Ionic binding of enzymes to ion exchange residues on insoluble supports 
is a common method for enzyme immobilisation. DEAE-cellulose (Bachler et 
al, 1970), CM-cellulose (Mitz & Schlueter, 1959), DEAE-Sephadex (Tosa et al, 
1967) and Amberlite (Boudrant & Ceheftel, 1975) have been used. The degree 
of ionisation of the group and hence the strength of binding is ionic 
strength and pH dependent and hence enzyme leakage from the support may 
occur under conditions of high ionic strength and/or upon variation in pH. 
Once again for the reasons detailed above this method is unlikely to be 
applicable to the immobilisation of microsomal cytochrome P450.
3.1.2 PHYSICAL ENTRAPMENT
The most widely used method of physical entrapment involves entrapping 
the water soluble enzyme within the interstitial spaces of a cross-linked 
water insoluble polymer. Synthetic polymers such as polyacrylamide
(Guibault & Hrabankova, 1970), polyvinyl alcohol (Maeda et al, 1973) and 
polyvinyl pyrrolidone (Maeda, 1975) have been used. The heat of formation 
and presence of free radicals associated with these polymerisations is 
believed to result in poor enzyme recoveries. The use of complex plant 
polysaccharides such as k-carrageenan and alginate for the entrapment of 
enzymes has proved a popular tool in recent years. The method is 
particularly applicable to the entrapment of cells and cell organelles 
because the resulting gel matrix appears to retain these large particles 
better than soluble proteins (Cheetham et al 1979). Overall it seems that 
the techniques of physical entrapment and in particular the method using 
calcium alginate is most appropriate to microsomal cytochrome P450. This 
technique is considered in depth in section 3.1.2.1.
3.1.2.1 ALGHATE GEL DOCOBILISATIOI
Alginate is used to describe a class of polysaccharides derived from an 
algal source. Typical commercial sources of alginate are the seaweeds (Hang 
et al, 1967). However the chemical composition of the alginates and hence 
their physical properties varies between species of seaweed and even 
between tissues on the same plant (Hang et al, 1967). Generally the 
alginates are linear polymers of 1,4-linked J3 D-mannopyranosyluronate and 
1,4-linked ocL-gulopyranasyluronate residues. The polysaccharide can be 
homopolymeric with respect to the above residues, or regular or irregular 
sequences of either residue can occur in a chain. The sugars vary only in 
their configuration at the carboxyl group at the 5 position (Rees & Welsh, 
1977). The ratio of D-ManpA residues to D-GulpA residues determines the 
physical properties of the gels. Alginates having a high proportion of D- 
GulpA residues will form rigid pressure stable gels, whilst those containing 
a significant amount of D-ManpA residues will be more flexible and less 
strong (Rees & Welsh, 1977).
The predominant mechanism of gelation is by the association of adjacent 
polyguluronate sequences with a multivalent ion. Polymannuronate chains do 
not complex except at high ion concentrations (Grant et al, 1973). The 
multivalent ion mast widely used is Ca2"" although Sr2"*- (Grant et al, 1973),
AL2"4- Fe3'*' (Klein & Manecke, 1982) and Ba24’ (Kierstan & Reilly, 1982) have 
been successfully used in alginate gels. Grant et al (1973) using circular 
dichroism determined the strength and specificity of complexation and thus 
deduced the molecular geometry of the alginate gel. The eggbox model
shows how adjacent chains may be joined by the di-valent Ca24- 
ion and a polymeric network established.
The concept of entrapment of biocatalysts using the ionotropic gelation 
of alginates was first developed by Hackel et al (1975) who immobilised 
Candida tropicalis in aluminium alginate. The procedure has since become a 
popular method of immobilisation because it is rapid, inexpensive and 
gentle. Kierstan & Bucke (1977) immobilised microbial cells, subcellular 
organelles and enzymes in calcium alginate gels. The gels showed good 
porosity and were used successfully over a 13-day period for the production 
of ethanol from glucose by an immobilised S. cerevisiae preparation.
Cheetham et al (1979) studied same physical characteristics of calcium 
alginate gels. Excellent gel pellet resistance to compression and abrasion 
was observed. However it was noted that low pellet alginate and Ca24^  
concentrations resulted in pellet compression in a column. The highly 
porous nature of alginates was confirmed by their work which showed that 
cytochrome C (MV 12,400) quickly diffused out of the gel. However glucose 
oxidase (154,000) and inulinase (100000) were retained within the gel. 
Cheetham et al (1979) further showed that the intrinsic pressure drop of 
alginate pellet columns is 6.4-times less than that of polyacrylamide 
immobilised cells. The alginate pellets also showed resistance to 
compression channelling and abrasions. The smooth spherical shape and 
uniform close packing of the pellets established the use of the alginate 
immobilisation technique as the most suitable method for industrial 
applications.
Kierstan & Reilly (1982) found that calcium alginates having 
predominantly mannuronic units had excellent porosity characteristics but 
formed mechanically unacceptable gels. Although all the work referred to 
here uses Ca24- as the gelling agent there has been some work on alternative 
ions. The use of a larger divalent ion Ba24- did not result in any 
significant effect an gel diffusion characteristics. However gel diffusion
characteristics could be improved by selecting a lower alginate 
concentration, a 1% gel released haemoglobin at twice the rate of a 4% 
alginate gel.
Klein et al (1983) and Scherer et al (1981) investigated the pore size 
of calcium alginate pellets using scanning electron microscopy (SEM) of 
beads dried under COs at the critical point. Their results show a 
macroporous structure with pore diameters in the order of 10pm.
It is difficult to generalise on the effect of calcium ions an the 
enzyme as different proteins would respond in different ways to the 
calcium. For example, it is widely known that calcium inhibits the activity 
of amylase from A. niger whilst it is a requirement for activating amylase 
from yeast. Free calcium ions should not be present in sufficient 
concentration to cause salting out effects on the protein present.
3.1.3 DISTRIBUTIOI OF CATALYST WITHH SUPPORT
Chemical engineering texts on chemical heterogenous catalysts (Thomas 
& Thomas, 1967; Satterfield, 1982) concentrate on support porosity, pore 
diameter and total internal surface area as the sole criteria of catalyst 
morphology. Investigations of the distribution of catalytic sites within a 
support are rarely considered. However for several industrial applications 
the use of spatially non-uniformly active catalysts is superior to that of 
uniform ones. Mars & Grogles (1964) reported the use of a catalyst with a 
thin impregnated outer shell and inert core for the selective hydrogenation 
of ether in the presence of a large excess of ethylene. Freidrichson (1969) 
reported a similar catalyst for the oxidation of tf-xylene to phthalic 
anhydride. Whilst there are many papers that carefully describe the 
mathematics of diffusion reaction phenomena, the most basic assumption of 
homogeneous distribution within the support is rarely challenged.; (Fig. 3.1)
Commercial chemical catalysts are manufactured by suppliers according 
to well established methods (recipes) and supplied to a certain 
specification (rate per Kg catalyst at defined temperatures and pressures). 
Reactor systems are thus designed around these catalysts and optimal
operation is achieved by varying reactor parameters such as temperature, 
pressure, flow-rates, agitation and so on. The design of immobilised 
biocatalyst reactors is of more recent interest and workers have benefited 
from a large resource of work on traditional catalysts in their 
investigations an immobilised enzymes. The effectiveness factor is often 
used as a measure of the efficiency of the immobilised enzyme reactor 
compared to using free enzyme. The effectiveness factor is defined by 
Satterfield (1981) as the ratio of the actual reaction rate to that which 
would occur if all the surface throughout the inside of the catalyst- 
particle were exposed to reactant of the same concentration and temperature 
of that existing at the outside surface of the particle. Horvath & Engasser 
(1973) presented a theoretical treatment of the advantages of shell 
structured enzyme particles and showed that by selecting a suitable shell 
thickness an effectiveness factor close to unity can always be obtained 
regardless of particle size. Horvath (1974) showed that pellicular enzymes 
(phosphatase, cathepsin C and chymotypsin immobilised on carbon) showed 
good activity and were particularly suitable far packed bed reactors where 
large particle size is desirable to maintain high bed permeability. The 
extreme case, that of enzyme binding to the outer surface of a non-porous 
shell, is not favourable due to the low enzyme loading achieved 
(Borchert & Bucholz, 1979).
The enzyme distribution across a porous activated support was observed 
by Carleysmith et al (1980a) using a protein staining method first 
developed by Goldman et al (1969). The staining procedure allowed them to 
show that the enzyme, penicillin acylase, had penetrated only 25pm into a 
600pm diameter support (Carleysmith et al, 1980b). Thus, using classical 
diffusion theory, they were able to model the degree of penetration of 
enzyme into an activated support. Borchert & Bucholz (1984) determined 
theoretical enzyme profiles within a pellet in terms of time, association 
constants and Sherwood number. The Sherwood number characterises the ratio 
of overall mass transfer to diffusional mass transfer. Their experiments 
with trypsin and subsequent model calculation clearly showed that 
biocatalysts could be prepared with a defined non-uniform enzyme 
distribution by selection of appropriate condition and by kinetic control of 
the immobilisation. Dennis et al (1984) found that protein distribution
through a *Sepharose particle was located near the outer surface of the 
particles when the protein was immobilised using high recirculation flow 
rates in a fixed bed reactor. At low recirculation flow rates a homogenous 
distribution was observed through the pellet. A satisfactory explanation of 
this phenomenon was not advanced, but it must be noted that contacting 
methods between enzyme and support can considerably influence the 
biocatalyst performance and nature of the product. A recent technique 
involves labelling the protein with a fluorescent marker and examining the 
whole spherical immobilised pellet using computed fluorescence tomography 
(Lasch & Kuhnan, 1986).
It was therefore quite evident from a review of the literature that a 
rapid technique is required for the quantitative measurement of the 
distribution of the protein catalyst within a support. Existing techniques 
for measuring distribution are expensive, complicated, slow and importantly, 
non-quantitative. A rapid inexpensive alternative method is investigated 
here.
3. S. MATER I -A-L£E> A.3STI> METHODS
3.2.1 PREPARATIOM OF GELS
Two grades of sodium alginate were used, DJB Manugel and DH Kanucol, 
both kindly given by Kelco AIL Ltd. Each powder (3g> was dissolved in 
100ml water in a 250ml flask by stirring overnight with a magnetic stirrer. 
On the morning of the study 10ml sodium alginate solutions were added 
dropwise to 250ml 0.2M CaClz. The calcium alginate spheres so formed were 
approximately 3mm diameter. The spheres were left in the CaCl2 solution for 
1 hour to fully set. The spheres were removed from the CaCls by filtering 
across a wire gauze, washed with distilled water and stored in petri dishes 
in distilled water. Care was taken to ensure that the gels were studied or 
processed within 2 hours of being formed.
3.2.2.1 SB* USUG THE CRYO COITROL UIIT
Acknowledgements are due to to Mr. Mark Smithers of the Microstructural 
Studies Unit, University of Surrey, who operated the SEM (Cambridge 
Stereoscan S250) throughout the experiments. The microscope was linked to a 
Cryo chamber and control unit loaned by Hexland Ltd, Vantage, Oxon. A gel 
sphere was selected and, using a small spot of adhesive, stuck to a 
microscope stub. The stub was then placed in the tool and plunged into 
liquid nitrogen in a vessel with a vacuum line attached. The vacuum line 
was connected to allow the liquid nitrogen to supercool down to -210°C. At 
this paint the line was turned off and the sample recovered from the 
vessel. The electron microscope was isolated from the Cryo chamber to 
maintain vacuum in the microscope and the sample was placed in the Cryo 
chamber. The chamber was evacuated to 0.01 Torr, the gate opened to the 
electron misroscope and the stub located on the electron microscope stage. 
The Cryo chamber stage was maintained at -180°C by circulating nitrogen 
through the stage. The microscope stage was maintained at a temperature of 
-82°C. The pellet was viewed at low magnification whilst the stage 
temperature was raised to approximately -50°C until the surface ice layer 
on the pellet started to sublime. The pellet was fractured using the scalpel
in the Cryo chamber. Further photomicrographs were then taken of the 
interior structure of the pellet.
3J2J2J2 SEX USING CRITICAL POUT DRIED SAMPLES
Alginate beads were prepared as described in 3.2.1. Manugel beads (1.5% 
and 3%) were used. Two Manugel beads (1.5%) and 2 Manugel beads (3%) were 
selected and taken through an acetone gradient. Aliquots (10ml) of 25%, 50%, 
90% and 100% acetone were used. The beads were then placed in an Edwards 
Critical Point drying apparatus (Dept of Microbiology) where liquid C0z at 
its critical point is used to displace the acetone from the beads. As the 
pressure in the apparatus is reduced to atmospheric pressure the C0z 
quickly evaporates thus leaving the dried bead. The beads were stored in a 
glass dessicator prior to study by SEM.
3.2.3 MICROPROBE X-RAY AIALYSLS
The microprobe used was a Phillips EM 400 Analytical TEM. 
Acknowledgements are due to Jenny Adams for preparing the samples for 
analysis and to Dawn Chescoe of the Microstructural Studies Unit who 
performed the analysis and helped with interpretation of the data.
The samples were dehydrated in methanol and prepared according to 
Table 3.1. The gel was then set in 50-50 LR Whites resin and a slice 1000 A 
thick was taken. The slice was mounted on a copper grid and coated in an 
Edwards Coating unit prior to examination in the TEM,
3.2.4 FROTEDT DISTRIBUTION IN AM ALGINATE PELLET
Microsomal material prepared by PEG precipitation was added to sodium 
alginate in appropriate ratios to give final pellet concentrations of 33% 
and 50% microsomal material by volume in 2% or 1.5% Manugel DH. The pellets 
were farmed by dropping the microsome loaded sodium alginate into 0.2M 
CaClz in buffer and leaving for hour for the pellet to set. The pellets 
were removed from the CaCl2 bath and placed in fresh 0.2M CaCl2 for 2
hours prior to study. The pellets were dehydrated and prepared according to 
the procedure in Table 3.1. They were embedded in wax blocks and 10mm or 
5mm slices taken across the pellet using a microtome. The slices were 
mounted on microscope slides and allowed to soak in toluene overnight to 
remove the wax. The pellet slices were then rehydrated by taking the 
sections through succesive washes of decreasing methanol concentrations to 
water (the reverse of the method detailed in Table 3.1) and stained with a 
protein stain, Coomassie blue. This was selected as a suitable stain in that 
it was inexpensive and readily available and gave an immediate visual 
measure of the protein distribution across the pellet and by measuring the 
absorbance across the section at 595nm (the stain absorption maximum) a 
quantitative measure of the distribution profile could be obtained. Finally, 
the samples were fixed in xylene and covered with a cover slip. The slides 
were examined using a scanning spot microdensitometer with the detector 
wavelength at 595nm and absorbance measurements taken at positions across 
the section.
3 . 3 RESULTS
3.3.1 PHOTOMICROGRAPHS OF CRYO SEM STUDIES
An alginate bead was prepared for study using the Hexland Cryo facility 
by plunging it into solid/liquid nitrogen at -220°C. The bead was not dried 
in air or on filter paper prior to its immersion in liquid/solid nitrogen to 
ensure that surface characteristics were not altered. Thus the aqueous layer 
surrounding the bead was frozen and the resulting ice crystals were 
observed at low magnification (Figs 3.1 and 3.2). Fallowing sublimation of 
the surface ice layer, the alginate surface was exposed (Fig. 3.4). The 
heavily ribbed structure visible at low magnification was not seen an the 
sample prior to freezing and may be an artefact induced by the immersion 
in nitrogen or the subsequent sublimation process. A higher magnification 
image of the alginate surface (Fig. 3.5) shows what appears to be rows of 
pores separated by ridges. On the basis of a higher magnification (Fig. 3.6) 
these pores can be estimated at between 2.7pm and 0.9pm diameter. Another 
part of the pellet surface (Fig. 3.7) shows a highly disordered structure 
with pore sizes ranging from 4pm to 1pm. Surface detail from a different 
part of the pellet shows the ordered rows of pores with diameters ranging 
from 2.3pm to 0.7pm (Fig. 3.8). The frozen pellet was fractured using a 
scalpel blade in order to observe the morphology of the pellet interior 
(Figs 3.9 and 3.10). The photomicrographs show a highly disordered 
structure which may reflect on the crude manner in which the pellet was 
fractured. There is no obvious morphological symmetry of pattern to the 
images.
3.3.2 PHOTOMICROGRAPHS OF CRITICAL POIMT DRYING STUDY
The striking feature of the critical point dried alginate specimens 
(Figs 3.11-3.17) is the crystal like threads which appear on the surface of 
the pellet. This feature was not observed in the Cryo-SEM study. The pellets 
were manufactured by dropping 1.5% sodium alginate into 0.2M CaCl2. Thus 
the possible crystal composition could be sodium chloride, calcium chloride, 
calcium alginate, or sodium alginate. Alternatively the threads could be a
calcium alginate residue formed as a result of the critical point drying. X- 
ray powder crystallographic analysis was rejected due to the difficulty in 
obtaining a representative sample of the crystals without contamination 
from the components of the pellet.
Under low magnification the surface of the alginate pellet appears to 
have a porous nature with rows of pores separated by ridges. However the 
pores seem to be linked together in places to form parallel fissures in the 
surface (Fig. 3.11). The fissures are more apparent in Figs 3.13 and 3.14, 
and are approximately 1.4pm wide in places. Individual pores of diameter 
1.3pm to 0.4pm are shown in Figs 3.15 and 3.16.
3.3.3 X-RAY MICRO ANALYSIS
The aim of the X ray micro-analysis was to observe immobilised 
microsomal material in the alginate pellet to see if the microsames were 
uniformly dispersed within the matrix. It was also hoped to be able to 
quantitatively assess the distribution of microsomal material within the 
support. The final aim was to attempt to pick up the presence of iron in 
the microsomal material which would support further work to directly 
observe the distribution of the iron containing cytochrome P450 within an 
immobilised support. Table 3.2 lists the spectral positions of relevant 
elements found in this study. Prominent peaks occur at 8 and 8.9 in all 
spectra and correspond to the Ka and K£ lines of the copper grid on which 
the samples were mounted. All other peaks are the result of elements within 
the specimen itself. The resin in which the specimen is mounted gives no 
peaks on analysis (Fig. 18) thus no correction for elements in the resin is 
necessary when considering the specimen results. Fig. 3.19 shows the 
specimen mounted on the copper grid in a preliminary study. Concentrations 
of microsomal material are visible within the gel. Higher magnifications of 
such a concentration are shown in Fig. 3.20. Although this phenomenon of 
concentration of material was not observed in such a degree in subsequent 
studies, these figures serve to explain how the analysis was performed. An 
elemental analysis was carried out by focusing on a feature such as the 
dark area visible in Fig. 3.20. Thus the following spectra are designated 
dark area specimens or gel (where no such dark feature was observed). A
section of pure alginate gel is shown in Fig. 3.21 and its elemental profile 
in Fig. 3.22. The strong peak at 3.7 corresponds to the element calcium, a 
known component of the calcium alginate matrix. The small peak at 0.9 is an 
L series spectral line from copper. The distribution of microsomal material 
shown in Fig. 3.23 is typical of the distribution pattern shown in 
subsequent samples prepared for TEM X-ray microanalysis. Concentrations of 
protein/lipid are still apparent as darker patches but the clumps are not 
as well defined as in the preliminary study (Figs 3.19 and 3.20). The very 
dense feature off centre in Fig. 3.23 was analysed (Fig.3.24) and gave a 
profile typical of an inorganic silicate (aluminium peak at 1.5, silica at 
1.75, iron at 6.4). Analysis of a dark region within the gel (Fig. 3.25) 
shows the presence of calcium (peak at 3.6), phosphorus at 2.0 and sulphur 
at 2.3. Phosphorus is a major component of membranes whilst sulphur is 
present in two amino acids and thus in cell protein. Having previously 
shown that neither phosphorous or sulphur was present in pure gel (Figs 
3.21 and 3.22) it must be assumed that the elemental profile in Fig. 3.25 is 
from yeast microsomal material. The analysis of the boundary of the dark 
area/gel shows a high response at calcium and a lesser response at 
phosphorus, while no sulphur is detected (Fig. 3.26). The analysis was 
repeated on a different specimen (Figs 3.27 and 3.29) and a similar profile 
was obtained (Figs 3.28 and 3.30).
3.3.4 ENZYME DISTRIBUTION WITHIN THE ALGINATE PELLET
Thin sections of the pellet were taken and stained for protein using 
the Coomassie blue stain. A- traverse across the section using a scanning 
optical densitometer allowed the absorbance profile across the gel slice to 
be measured. The results of such scans are presented in Figs 3.31, 3.32,
3.34, 3.36, 3.38 and 3.40. The y-axis is the absorbance reading taken and 
can be considered as protein concentration in arbitary units. The x-axis 
represents distance across the slice in arbitary units.
The 5pm slices (Figs 3.36, 3.38 and 3.40) give lower absorbance values 
than the 10pm slices (Figs 3.31, 3.32 and 3.34) as would be expected due to 
the shorter light path through the gel slice. The distribution profiles 
through the gel indicate a higher protein concentration at the gel boundary.
Figs 3.33, 3.35, 3.37, 3.39 and 3.41 are photographs taken with a light 
microscope of sections of the slices. In all cases a dense, protein-rich, 
well defined outer boundary is evident. The dense areas towards the centre 
of the pellet are caused by the slice folding as it was being prepared. The 
preparations without protein, i.e. pure gel (Figs 3.42 and 3.43 also show an 
outer boundary layer which seems to be optically more dense than the 
interior of the pellet. The results clearly show that this method can be 
applied to the quantitative measurement of protein distribution across a 
section of an alginate pellet.
3  . 3Z> I SCUSS X ON
3.4.1 SEN SURFACE STUDIES
An untreated specimen of high water content, such as a gel, cannot be 
studied directly under an electron microscope. The high vacuum and high 
energy of the electron beam would quickly vaporise the water and 
microscopic features would be distorted. The gel must therefore be treated 
prior to study under an electron microscope to prevent artefacts caused by 
water loss. The Hexland Cryo method and the traditional Critical Point 
Drying method of preparing samples approach this problem in different 
ways. The Cryo method ’fixes’ the water in the gel by freezing at -220°C 
and subsequent study on the microscope stage at -190°C. The Critical Point 
Drying method removes all water from the gel by immersing the specimen in 
acetone baths of increasing strengths and then removing the acetone in a 
stream of C02 at its critical point. Both systems have been designed to 
reduce the occurrence of artefacts but it would be prudent to assume that 
neither system leaves the specimen in its original state. In the author’s 
opinion the two methods put the sample under opposite stresses during its 
preparation, thus artefacts should not be a consistent feature between 
studies. On freezing the gel at -220°C in the Cryo system the phase change 
of water to ice would be expected to result in some damage to the gel 
structure. The damage would occur because of the expansion of water 
associated with its phase change. The manufacturers (Hexland Ltd, Wantage) 
claim that the rapid freezing of the specimen to very low temperatures 
minimises this damage. Critical Point Drying of a specimen of high water 
content may result in a shrinkage of the specimen. This shrinkage may 
produce surface artefacts on the specimen. Thus artefacts produced by 
shrinkage of the specimen should not correspond to artefacts produced by 
expansion of the specimen.
The SEM photomicrographs correlate on several features. In both studies 
ordered rows of pores can be seen. The Cryo photomicrographs record pores 
of diameter 4pm to 0.7pm whilst the critical point dried specimens give 
smaller pore sizes of 1.3 to 0.4pm diameter. The difference between the
observed pare sizes may be related to the method of preparation of the 
specimens.
Work by Kierstan & Reilly <1982) has shown that haemoglobin can freely 
diffuse into a 1% alginate gel. The molecular diameter of haemoglobin is 
given by Tanford (1972) as approximately 70A or 7nm. Thus the ratio of 
surface pore diameter/haemoglobin diameter from the present study ranges 
from 57 to 570. The molecular weight of haemoglobin is approximately 68000 
(Tanford, 1968) which suggests that a free enzyme of a similar molecular 
weight would be rapidly lost from the gel. In a microsomal fraction, 
cytochrome P450 is a small component of a much larger membrane fragment 
of characteristic dimension typically 1pm. Some leakage of microsomal 
material from the gel can be expected but due to the low ratio of microsome 
diameter /pore diameter the leakage rate would be low. The components of the 
microsomes are held in a very hydrophobic environment and presumably the 
partition between microsome and aqueous environment would be strongly in 
favour of the microsome hence leakage of individual components of the 
microsomes from the gel would be unlikely.
This study has shown that the alginate gel is highly porous and would 
certainly allow NADPH and B(a)P to freely diffuse into the gel. The 
apparently solid areas between the pores may also be permeable to low 
molecular species such as NADPH or B(a)P but this could not be determined 
with the SEM or TEM systems available.
3.4.2 X-RAY ANALYSIS
The aim of the X-ray microanalysis study was two-fold. The primary aim was 
to observe a section of the alginate bead containing the immobilised 
microsomal cytochrome P450 and attempt to locate the cytochrome P450 using 
the haem group which contains the element iron as a marker. Once this 
method had been developed it was hoped to use the iron containing haem 
moiety to as a marker to track the distribution of cytochrome P450 across 
the section. However the iron-containing haem group was not identified on 
X-ray analysis probably due the low concentration of the cytochrome P450 
in the gel. It was beyond the scope of this study to attempt to increase
the concentration of the cytochrome P450 to levels where the analytical 
method would be sensitive enough to detect the haem group.
It was found that the presence of phosphorus and sulphur peaks on X- 
ray analysis could be most effectively used for identifying yeast derived 
material. The X-ray analysis gives a good qualitative picture of the 
composition of the gel inclusions. The high phosphorus peak obtained on 
analysis of the dark areas correlates with the phosholipid components of 
the yeast membranes in the microsomal material. The source of the sulphur 
peak is probably from proteins (enzyme or others) within the microsomal 
preparation. An electron microscope study of bacteria in an alginate bead 
(Garde et alt 1981) clearly shows the presence of cavities within the 
alginate matrix as was observed in the preliminary experiments in this 
study. Garde et al (1981) also claim to have demonstrated a network
structure of the gel matrix although no such structure is evident in the
high magnification photomicrographs of this study. Further analysis on 
different samples do not show such a pronounced structure although the 
presence of microsomal material within cavities can be concluded from Fig. 
3.23.
The TEM study demonstrated that the microsomal material is not
distributed homogeneously throughout the gel but seems to form aggregrates
which can sometimes be observed within cavities of the gel. These cavities 
are approximately 20pm in diameter whilst the clumps appear to a 
consistent size of approximately 1pm diameter. It is possible that the 
cavities are caused by insufficient mixing of the microsomal preparation 
with the sodium alginate solution as outside the cavities there is also a 
dark pattern surrounding the cavities which appears to be related to the 
yeast preparation as it is not present in the pure alginate TEM study.
3.4.3 MICROSOMAL CYTOCHROME P450 DISTRIBUTION WITHIN THE ALGINATE
PELLET
It has long been recognised that a non-uniform distribution of catalyst 
within a pellet can have a marked effect on the catalytic activity of the 
pellet (Corbett & Luss, 1974). Borchert & Bucholz (1974) showed that an
immobilised enzyme with high activity and homogeneous distribution showed 
low efficiency when using law substrate concentration. Other works 
(Carleysmith et al, 1980a; 1980b) have emphasised this effect and described 
methods of maximising catalyst penetration into the support. Previous work 
on visualising the catalyst penetration into the support (Carleysmith et al, 
1980a; Dennis et al, 1984) using staining techniques, provided only 
qualitative impressions of the distribution profile. These workers were 
attempting to modify the immobilisation process to obtain an efficient 
distribution of enzyme in the pellet. The calcium alginate immobilisation 
process cannot be controlled in the same manner as in allowing an enzyme 
to diffuse into a porous support. The method of immobilisation would be 
expected to give a uniform distribution across the pellet. Therefore no 
attempt was made to modify the alginate immobilisation methodology but the 
resultant catalyst profile within the pellet was measured. The author can 
find no reference to previous work that has been done in making a direct 
quantitative measurement of the catalyst profile within a pellet. The 
scanning spot optical densitometer is an accurate method for determining 
the optical density at a position in a pellet slice. By combining a number 
of measurements at a particular wavelength (specific for the stain used) a 
profile across a slice can be generated. The Coomassie blue method of 
staining for protein (Bradford, 1976) is also a suitable stain for colour 
photomicrographs.
The work described here using the Coomassie blue stain also offers a 
rapid qualitative method for assessing protein distribution within an 
alginate bead. The worker simply has to prepare the bead using standard 
dehydration methodology, fix the bead in wax and take a section which can 
be stained with the required stain. If the worker is fortunate enough to 
have a scanning spot optical densitometer then the complete quantitative 
profile can be established.
Although the distribution profiles clearly indicate an increase in 
protein concentration towards the boundary of the pellet, the 
photomicrographs show that there is not a gradual concentration gradient. 
Between 0.08mm and 0.15mm from the edge of the pellet a distinct boundary
of high stain and low stain regions exists. A similar boundary can be seen 
in a pellet with no protein (Fig. 3.42).
It is most important therefore to assess whether the apparent 
inhomogeneous distribution within the enzyme pellet is an artefact induced 
by the method of preparation of the pellet or an actual phenomenon 
resulting from the immobilisation procedure. If the inhomogeneous protein 
distribution is not an artefact then this will be considered in any attempt 
to model the diffusion/reaction kinetics in the pellet. From the pellet 
dimensions before and after the preparation for study it was clear there 
had been no change in pellet diameter as a result of the drying and wax 
immersion. The distinct boundary observed in the photomicrograph of the 
slices is difficult to account for when one considers how well the alginate 
is mixed with the microsomal preparation prior to dropping into the CaClz 
solution. When the photomicrographs of the 3% alginate slices are studied 
the same boundary is present. The possibility that in the time it takes for 
the pellet to gel that a surface excess of solutes is established cannot be 
ruled out as this would explain the higher surface concentrations observed.
This work has however shown conclusively that the Coomassie blue stain 
and subequent examination under a scanning optical densitometer can rapidly 
generate qualitative and quantitative date an the distribution of protein 
within a support. This could provide an empirical method of preparing 
alginate immobilised biocatalyst with a defined biocatalyst distribution.
Immersed in: Time (mins)
Dehydration 20% Methanol 10
20% Methanol 10
50% Methanol 10
50% Methanol 10
70% Methanol 10
70% Methanol 10
90% Methanol 10
90% Methanol 10
100% Methanol 10
100% Methanol 10
100% Toluene Overnight
Vax Immersion Vax 65°C 2 hours
Table 3.1
Preparation of Alginate . Gals for X-ray Analysis 
and Protein Distribution Study
HICSQPRQBE XrRAY... ANALYSIS, SPECTRAL .POSITIONS _QF_.ELEMENTS
ATOMIC NUMBER K« Kb
ALUMINIUM 13 1.487 0.000
SILICA 14 1.740 1,838
PHOSPHOROUS 15 2.015 2.142
SULPHUR 16 2.307 2.468
CHLORINE 17 2.622 2.817
CALCIUM 20 3.690 4.012
IRON 26 6.400 7.059
COPPER 29 8.041 8.907
Table 3.2
The Eaissioa...flf.-X-j:ay, Radiation at .Vaveleiigths Characteristic of the 
Element Enable ±he Elemental Profile In the Sample to be Accurately 
Assessed
HOMOGENOUS
B.
.to
£*#•
V I \ -
-1'.*
."I
■ '
.*71 •— I •
•is~
“I "I.
M * | .
■:/ t*. .•cv
c\-'
SHELL
C.
SURFACE
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Types of Distribution of a Catalyst in a Spherical Support
Scanning electron microscope study (CRYO PREPARATIOI) of the surface of
an alginate pellet.
Xagnification 360
Observations: Prior to study of the surface of the alginate pellet a 
layer of surface oust be removed. This is achieved by raising the 
temperature of the* stage to -50°C and allowing the ice layer to sublime 
off. This figure shows an unusual phenomenon of an electron micrograph 
of ice crystals impassible to achieve under normal conditions due to the 
vacuum in the chamber..

Scanning electron microscope study (CRYO PREPARATIOX) of the surface of
an alginate pellet.
Xagnification 800
Observations: Prior to study of the surface of the alginate pellet a 
layer of surface must be removed. This is achieved by raising the 
temperature of the stage to 5^0**C and allowing the ice layer to sublime 
off. This figure shows an unusual phenomenon of an electron micrograph 
of ice crystals impossible to achieve under normal conditisns due to the 
vacuum in the chamber..
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Scanning electron microscope study (CKYO PKEPASATIOV) qf the surface of
an alginate pellet. • • ,
Xagnification 130
Observations: Low magnification view of tbs pellet surface, the highly 
ribbed structure wns an unexpected feature.
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Scanning electron microscope study (CRYO PREPARATION) of-the surface of
an alginate pellet.
Magnification 360
Observations: Higher Magnification view of a section of the pellet 
surface showing What may be rows of surface pores.
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Scanning electron microscope study of the surface of an algina 
Magnification. 730 "
Observations: Higher magnification view of field shown in Fig. 
confiraing the presence of surface pores.
pellet.
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Scanning electron microscope study (CRYO PREPARATION) of the surface qf
an alginate pellet. . ^
Signification 3600
Observations: Close up of surface pores giving an estimate of surface 
size of approximately 4pm.
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Scanning electron microscope study (CRYO PREPARATIOK) of the surface of
an alginate pellet. . : ^
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Scanning electron microscope study <CRY0 PREPARATION of the interior of 
an alginate pellet produced by fracturing the pellet with a scalpel. 
Xagnification 400
Observations: The fracture gives a view of the internal form of the 
alginate pellet. There appears to be more apparent form to the interior 
of this sample than in Fig. 3.9 with a very open weave to the alginate 
interior however again it must be remembered that the fracture method 
was crude.
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Spectral 
position
Elemental profile from TEX X-ray microanalysis
Sample: Resin used far embedding samples
Elements identified: Capper from the mounting grid
DH GEL RESIN ONLY 1K FS» B
20 EV/CHAN, LIVE TINE * 100 SECS
SPECTRUM LENGTH * 1024 CHAN
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Spectral 
position
Elemental profile from TEK X-ray microanalysis
Sample: Alginate gel
Elements identified: Capper
Calcium presumably from the Ca Alginate matrix
DH GEL GEL ONLY 511 FSi B
20 EV/CHAN, LIVE TIME = 100 SECS
SPECTRUM LENGTH = 1024 CHAN
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Spectral 
pasition
Elemental profile from TEH X-ray microanalysis
Sample: Focus an dense feature left centre Fig. 3.23
Elements identified: Copper
Aluminium
Iron
Silica
DH SILICATE 8K FS: B
20 EV/CHAN, LIVE TIME * 100 SECS
SPECTRUM LENGTH « 1024 CHAN
5 --
6 ---
10
Elemental profile from TEM X-ray microanalysis
Sample: Dark marbled area lower centre Fig. 3.23
Elements identified: Copper
Calcium
Phosphorous
Sulphur
DARK REGION DH GEL 511 FS» B
20 EV/CHAN, LIVE TIME - 100 SECS
SPECTRUM LENGTH - 1024 CHAN
0 ---
Elemental profile from TEX X-ray microanalysis
Sample: Dark marbled area lower centre Fig. 3.2:3 
Elements identified: Capper
Calcium
Phosphorous
Sulphur
OH EDGE GEL DARK 1K FSt B
20 EV/CHAN, LIVE TIME * 100 SECS
SPECTRUM LENGTH * 1024 CHAN
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Spectral 
position
Elemental profile from TEX X-ray microanalysis
Sample: Very dense microsomal clump centre Fig. 3.27
Elements identified: Capper
Calcium
Phosphorous
Sulphur
DJB GEL DARK NEW SETION 1K FSi B
20 EV/CHAN, LIVE TIME = 100 SECS
SPECTRUM LENGTH » 1024 CHAN
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Elemental profile from TEX X-ray microanalysis
Sample: Very dense microsomal clump right of centre Fig. 29
Elements identified: Copper
Calcium
Phosphorous
Sulphur
DJB GEL DARK AREA 1K FS* B
20 EV/CHAN, LIVE TIME ** 100 SECS
SPECTRUM LENGTH * 1024 CHAN
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Crass sectional position. Arbitrary units
Fig. 3,31
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450.
Alginate pellet was prepared using 2 parts of 3% alginate to 1 
part of microsomal P450 preparation
'O' intensity represents intensity of 2% alginate pellet 
containing no microsomal preparation.
Thickness of section : 10pm
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Cross sectional position. Arbitrary units |
Elga—3^ .32
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450. 
Alginate pellet was prepared using 1 part of 3% alginate to 1 
part of microsomal P450 preparation
101 intensity represents intensity of 1.5% alginate pellet 
containing no microsomal preparation.
Thickness of section : 10pm
SUPPLEMENTARY FIGURE
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Photomicrograph giving the scale of 
the photomicrographs shown on the 
following pages.
The units of the scale are microns.
Fig, 3,33
Photomicrograph (x 50) of a slice of a calcium alginate pellet 
containing a microsomal P450 preparation.
Gel was prepared by mixing 2 parts of 3% sodium alginate with 1 
part of microsomal P450 preparation,
Ri inner radius of shell: 1.05mm 
Rg radius of alginate pellet: 1.20mm 
Dimensionless shell thickness t = Rg - Ri = 0.125
Rg
Thickness of Section : 10pm
\
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Cross sectional position. Arbitrary units
Eigj. 3.34
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450.
Alginate pellet was prepared using 2 parts of 3% alginate to 1 
part of microsomal P450 preparation
10’ intensity represents intensity of 2% alginate pellet 
containing no microsomal preparation.
Thickness of section : 10pm
Fig. 3,35
Photomicrograph (x 50) of a slice of a calcium alginate pellet 
containing a microsomal P450 preparation.
Gel was prepared by mixing 1 part of 3% sodium alginate with 1 
part of microsomal P450 preparation.
Ri inner radius of shell: 1.2mm 
Ri radius of alginate pellet: 1.05mm 
Dimensionless shell thickness r = R-- - Ri = 0.125
Ri
Thickness of Section : 10pm
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Cross sectional position. Arbitrary units
Fig> 3,.36
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450.
Alginate pellet was prepared using 2 parts of 3% alginate to 1 
part of microsomal P450 preparation
’O’ intensity represents intensity of 2% alginate pellet 
containing no microsomal preparation.
Thickness of section : 5pm
£lg,..3,.3.7
Photomicrograph (x 50) of a slice of a calcium alginate pellet 
containing a microsomal P450 preparation.
Gel was prepared by mixing 2 parts of 3% sodium alginate with 1 
part of microsomal P450 preparation.
Ri inner radius of shell: 0.95mm 
Rs: radius of alginate pellet: 1.03mm
Dimensionless shell thickness r = R- - Ri = 0.078
R*
Thickness of Section : 5pm
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Fig,-3-, 28
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450.
Alginate pellet was prepared using 2 parts of 3% alginate to 1 
part of microsomal P450 preparation
'O’ intensity represents intensity of 2% alginate pellet 
containing no microsomal preparation.
Thickness of section : 5pm
> •
Fig, .a,-3a
Photomicrograph (k 50) of a slice of a calcium alginate 
containing a microsomal P450 preparation.
Gel was prepared by mixing 2 parts of 3% sodium alginate 
part of microsomal P450 preparation.
Ri inner radius of shell: 0.83mm 
Ri: radius of alginate pellet: 0.96i
Dimensionless shell thickness t = Rv ~ Ri. =
Ri:
Thickness of Section : 5pm
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Crass sectional position. Arbitrary units
Elg^ ...a^ 4Q.
Intensity of the Coomassie Blue stain across a slice of an 
alginate pellet containing microsomal cytochrome P450. 
Alginate pellet was prepared using 1 part of 3% alginate to 1 
part of microsomal P450 preparation
'O’ intensity represents intensity of 1.5% alginate pellet 
containing no microsomal preparation.
Thickness of section : 5/im
Fig, 3,41
Photomicrograph (x 50) of a slice of a calcium alginate pellet 
containing a microsomal P450 preparation.
Gel was prepared by mixing 1 part of 3% sodium alginate with 1 
part of microsomal P450 preparation.
Border not evident 
Thickness of Section : 5pm
Fig, 3,.4a
Photomicrograph, (x 50) of a slioe of a calcium alginate pellet 
Gel consisted of 3% sodium alginate.
R-, inner radius of shell; 0.652mm 
Ri radius of alginate pellet: 0.812mm 
Dimensionless shell thickness t = Ri - Ri = 0.197
Ra
Thickness of Section : 5/im
Photomicrograph (x 50) of a slice of a calcium alginate pellet . 
Gel consisted of 3% sodium alginate.
Ri inner radius of shell: 0.652mm
radius of alginate pellet: 0.812mm 
Dimensionless shell thickness t = R^ - Ri = 0. 197
R*
Thickness of Section : 10pm
DIFFUSION OB 3STADP A3KTD BCa)P IN
CAEICUM ALGINATE BEADS
^  . 1 X NTRODUCT I OX5T
As it was planned to study an immobilised enzyme system based on 
cytochrome P45O-dependent B(a)P hydroxylase it was necessary to evaluate 
the diffusivities of B(a)P and the cofactor HADP before a detailed design of 
the immobilised reactor could be attempted. Bo data relating to the 
diffusivity of BADP on B(a)P could be found in the literature. Vhen a 
support such as calcium alginate gel is immersed in a liquid containing a
substrate, the substrate will eventually reach an equilibrium concentration
within the support which is uniform throughout the support. This 
equilibrium concentration can be above or below the substrate concentration 
in the bulk liquid and is expressed as on the partition coefficient of the 
substrate between liquid and support:
Ki .2 = concentration of component in phase 1
concentration of component in phase 2
Vhen an enzyme is immobilised in the support and immersed in liquid 
containing its substrate then, in the special condition that the bulk 
substrate concentration does not change, an equilibrium substrate 
concentration profile will be established through the support with the 
support-liquid interface having the highest concentration. This substrate 
concentration profile will be dependent on the balance of supply of 
substrate by diffusion and the removal of substrate by enzymic action. The 
rate of reaction is dependent on the substrate concentration as described 
by the Michaelis-Menten expression. Therefore if a substrate profile exists 
within a support, the reaction rate will vary depending on radial position 
within the support. This effect would be expected to be largest in the case 
of an enzyme with a high Km such as the cytochrome P45O-dependent B(a)P 
hydroxylase from S. cerevisiae, The overall reaction rate depends on both 
the kinetics of the enzyme-substrate reaction and on the diffusion of the 
substrate, which may have the overriding effect in the case of very slow 
diffusion. Calcium alginate (3%) was selected as a suitable support on the 
basis of previous work by Cheetham (1979) and Azari (1984). Two types of
alginate were studied differing in sugar composition as described in 
Chapter 2.
4.1.2 XECHA1IS1S OF DIFFUSIOI
Bulk diffusion results from differences in concentration between 
regions of a mixture. Diffusion of the solute tends to make the chemical 
potential of the solute uniform throughout the mixture. The molal flux J (g- 
mol/sec/m2) > is proportional to the concentration gradient (driving force) 
in the direction of diffusion, and can be described by Fick’s first law of 
diffusion:
J = -Di=> dc. 4.1
dx
The proportionality constant, D12, is called the diffusion coefficient 
of component 1 diffusing in component 2. The negative sign indicates that 
diffusion occurs from an area of high concentration to an area of low 
concentration i.e. down the concentration gradient. In a porous catalyst 
containing randomly orientated pores the diffusing species would have to 
fallow a tortuous path through the support. Therefore the length of the 
diffusion path is greater than the distance along a straight line in the 
direction of diffusion. The pores are likely to be of irregular diameter 
resulting in constriction that provides a further resistance to diffusion. 
The diffusion coefficient must therefore be modified to account for these 
resistances (Satterfield 1972):
Di2 = 6 0 = volume fraction voids 4.2
effective t t = Tortuosity factor
Therefore the tortuosity factor and volume fraction voids can in theory 
be used to characterise a support and provide an estimate of the effective 
diffusion coefficient. In practice the differentiation of these effects is 
difficult to evaluate and hence the diffusivities measured in this study are 
effective diffusivities within the alginate support.
Knudsen diffusion is a phenomenon whereby the molecular flux within a 
porous support is considerably reduced when the diffusing molecules strike
a pare wall, are momentarily absorbed, and are then given off in random 
directions. The molecular flux is therefore reduced by the ’wall resistance' 
due to the diffuse reflection of the molecules. This effect is most 
pronounced in the diffusion of gases where fluxes are high compared to an 
immobilised enzyme system where the substrate flux would be relatively low.
Surface diffusion of molecules along pores is a curious phenomenon 
shown to be of great importance in liquid diffusion (Komiyama & Smith, 
1974). They proposed that surface diffusion occurs by the formation of a 
weak bond between the support and the diffusing species followed by 
movement of the molecule to an adjacent site by breaking and reforming the
weak bond. This ’hopping’ of molecules along a pore was further
characterised by Gilliland et al (1974).
In the case of liquid benzaldehyde in amberlite particles at 25°C 
(Komiyama & Smith, 1974), the surface contribution to interparticle 
transport was shown to be as high as 20 times the pore volume diffusion 
contribution. The bond between the molecule and the surface must be 
sufficiently weak to allow the continuous breaking and re-formation of 
bonds necessary for the surface migration to occur.
4.1.3 KEASUSEKHVT OF DIFFUSIOI COEFFICIEVTS IV LIQUIDS
A diaphragm cell consists of two compartments separated by a porous 
glass frit. A salute concentration is established across the frit by filling 
the top and bottom compartments with solutions of different solute 
concentration. After a certain time the compartments are emptied and the
solute concentration in each is determined (Stokes, 1950). The diffusion
coefficient is then calculated from the expression:
= 1_ Ln [Ctara-t-.-t--.nm C ta-.!-.linlt.i.l 4 .3
$t [Cbottom — Ctoplflnul
t = time
J3 = a diaphragm cell constant
The diaphragm cell constant is determined by measurements of the diffusion 
of a standard substance such as 0.1K KG1 whose diffusion coefficient is
known (McBain & Liu, 1931). Cussler (1984) considers the diaphragm cell to 
be the best tool for initial work on the determination of diffusion 
coefficients. If the glass frit was replaced with a membrane of known 
thickness such as an alginate membrane, a diffusion coefficient for the 
solute in the membrane could be determined.
The Taylor dispersion method for determining diffusion coefficients is 
valuable for both gases and liquids. A long tube (~ 150 metres x temm ID; 
Ouano, 1972) is filled with solvent that moves in laminar flow. A sharp 
pulse of solute is injected at one end of this tube. As the pulse travels 
down the tube the solute diffuses into the mobile solvent. The shape of the 
pulse as it leaves the tubing is measured using a differential 
refractameter. The concentration profile generated in this apparatus is 
characterised by the dispersion coefficient from which the diffusion 
coefficient can be determined.
A known volume of solute at a known concentration is placed in a 
length of precision-bore capillary tubing. One end of the capillary tubing 
is sealed shut. The capillary tubing is then placed in a solvent bath. The 
solvent bath should be large, well stirred and held at constant temperature. 
As the experiment proceeds solute diffuses from the capillary tube into the 
solvent bath. At the end of the experiment the tube is removed from the 
solvent and the solute concentration determined. From these measurements 
the diffusion coefficient of the solute can be calculated.
The method developed by Tanaka et al (1984) was specifically designed 
for the measurement of diffusivities in solid supports. The method requires 
no specialist equipment other than a requirement for the accurate 
determination of concentration of the diffusing solute. The equations 
describing the diffusion of a solute from a stirred solution of limited 
volume into a sphere are derived by Crank (1975) from a previous solution 
of diffusion into a plane sheet. If the plane sheet has a thickness 2L0the 
sheet occupies the space:
-Lo ( x ( Lo 4.4
whilst the solution is of limited extent and occupies the spaces:
-Lo-a ( x ( -Lo, Lo ( x ( Lo-a 4<5
The concentration of solute is uniform and is initially Co while initially 
the sheet is free from solute.
Crank then states the diffusion equation:
3c. = D^C. 4.6
Initial condition: C = 0, -Lo < x < Lo, t = 0
There is also an assumption that the total quantity of solute in the 
system remains constant, i.e. the solute is either in the sheet or in the 
solution:
a 3c. = ± I>3c, x = ± Lo t > 0 4.7
At Ax
K
The equation also allows for a partition coefficient* between solution and 
the plane sheet by using a modified length of solution by substituting a/k 
for x.
The equations have been solved by the use of a Laplace transformation 
and presenting the solution as the total amount of solute !U in the sheet 
at time t as a fraction of X® the corresponding quantity after infinite 
time:
1L. = 1 - - )  2a(l+cc> Exp <-Dq*nt/L?> 4.8
M® n-i 1 + a + a2qn2
Tanaka et al (1984) used the solution of the diffusion equation for a 
sphere in a limited volume of a well-stirred solute and applied this 
experimentally to the measurement of glucose diffusivities in alginate 
beads. These diffusivities were obtained by the measurement of the uniform 
concentration of the solute in the bulk liquid and some minor extensions to 
the above equation were made to allow for this analysis:
Cp = a Ct..fna 1 + Zn-1 6 (l+a)Exp(-Dq„2t/a2) a. sin(q»r/a) 4.9 
1 + a 9 + 9a + qr,2a2 r sin qr,
where a = bead diameter
r = distance from the bead centre 
t = time
a = volume of solution/(K x beads volume) 
K = partition coefficient
Tan qr» 3 q.-. 4.10
3 + a qr,2
Tanaka et al (1984) made the simplifying observation that if the liquid 
film resistance around the beads can be ignored then
Cp<r— = Cl. 4.11
Thus the substrate concentration in the solution can be expressed as:
Cu = g..CLxoj>.. 1 + Zn-i 6(l+a) e-°^ 4.12
1 + a 9 + 9a + qr,2»i2
or:
and:
Cj-caa.z Cuct.3 = _J2L_ 1 + Zn-i 6 (lta)e~Pq 4.13
Ct_<o 5 — Ci_c®> 1+a 9 + 9a + qn2®c2
Qi-CQU z_Ct-ct.a - ILu 4.14
Ct_<oi — Gi_< od > Xa
Ci_<t> = concentration of solute in solution at time t
Cu<-> * concentration of solute in solution at equilibrium
Ht. = mass of solute in sphere after time t
X® = mass of salute in sphere at equilibrium
The experimental data was plotted as:
Hjl = Cun, - versus time (minutes)*4 4.15
X® Ci, <o j C]><®)
This uptake curve was then compared to theoretical uptake curves 
generated from the above expression using the values of a and a used in the 
experiment. A series of theoretical curves were generated using a range of 
diffusion coefficient values. The theoretical curves are then plotted
against the experimental curve and the value of the diffusion coefficient is 
established.
When studying the uptake of a solute by beads in a well stirred reactor, 
negligible attrition of the beads must be assumed. If attrition does occur 
then the particle size used in the diffusion model is no longer appropriate. 
The author could find no quantitative reference to alginate attrition in the 
literature. Therefore it was attempted to measure the attrition of alginate 
beads in a well stirred system.
MATER IATS ANT* METHODS
4.2.1 MEASUREMENT OF DIFFUSION COEFFICIENTS USING A DIFFUSION CELL
4.2.1.1 DESCRIPTION OF THE DIFFUSION CELL
The diffusion cell was constructed of glass and made to the author’s 
design by the Glassblowing Unit, University of Surrey (Fig. 4.1). The cell 
consists of two chambers (volume 3ml> between which is sandwiched a thin 
calcium alginate membrane. The contents of one of the chambers was 
continuously monitored by pumping the contents through a flow cuvette in an 
LKB spectrophotometer. The pump flow rate was 26ml/minute. The volume of 
the circuit was 6.5ml. The flow rate of 26ml/minute represented the highest 
practicable flow rate possible without breaking the pipe to pipe 
connections. The fastest flaw ensured the best possible mixing and a 
minimum hold up time in the circuit (Fig. 4.2). Mixing of the chamber 
contents was achieved by the peristaltic pumps an each circuit. The outlet 
tube of each pump was positioned very close to the membrane to minimise 
the boundary layer formation.
4.2.1.2 PRODUCTION OF CALCIUM ALGINATE MEMBRANES
The production of a calcium alginate membrane for the diffusion 
experiments was by one of two methods (a and b> both developed by the 
author as no reference to alginate membrane production could be found in 
the literature.
a) Sodium alginate (3%) was placed on one face of the microscope slide. A 
second slide was placed on top of the alginate so a thin layer of sodium 
alginate was formed between the slides. The slide/alginate/slide sandwich 
was gently lowered into a bath of 0.2M CaCLz and allowed to stand for 24 
hours. During this time the CaClz was able to diffuse through the layer of 
sodium alginate so forming the calcium alginate membrane. A travelling 
microscope was used to determine the thickness and uniformity of the 
membrane.
b) Sodium alginate (.3%) solution was poured into a cylindrical vessel 2cm 
diameter 5cm length. The vessel was gently lowered into a 0.2H CaClz bath 
and allowed to stand for 24 hours. After this time a ’sausage* of solid 
calcium alginate gel was formed. Using a sharp scalpel, or razor blade, the 
desired membrane thickness could be sliced off.
4.2.1.3 DETERMHAT 101 OF SUBSTRATE DIFFUSIVITIES
The diffusion cell was set up with water in both chambers and allowed 
to run until the chart recorder trace achieved a steady reading. The water 
was removed from chamber A using the peristaltic mixing pump and replaced 
by a known concentration of substrate. The event was marked on the chart 
recorder trace and the diffusion process was followed by the increase in 
absorbance of the contents of chamber B. The spectrophotometer used to 
monitor the progress of the diffusion experiment depended on the substrate 
under study. The absorption maxima for the substrates were determined by 
scanning from 200nm to 400nm and identifying the characteristic maximum 
absorbance:
The diffusion process could be run at any temperature between 20°C and 
100°C by selecting the appropriate temperature on the water bath.
4.2.2 MEASUREMENT OF DIFFUSION COEFFICIENTS USING THE METHOD OF
TANAKA BT AL (1984)
The measurement of diffusion coefficients by the method of Tanaka et al 
(1984) uses a very simple experimental design consisting of a well stirred 
reactor vessel and known size distribution of the alginate pellets. The 
diffusion coefficient of any compound can be determined provided its 
concentration can be accurately determined.
IADP
B(a)P
340nm 
261 run 
255nmCumene hydroperoxide
4.2.2.1 DESCRIPTION OF EXPERIMENTAL APPARATUS
The reactor system (Fig. 4.2) consisted of a 250ml Pyrex glass beaker 
covered with aluminium foil (in order to protect the light sensitive B(a)P) 
This was clamped into a thermostatically controlled water bath at 37°C. A 
variable speed impeller was positioned 0.5cm from the base of the beaker. 
The temperature of the reactor contents was checked by means of a 
thermometer taped to the side of the vessel. The concentration of the 
diffusing species was continually measured via the sampling circuit shown 
in Fig. 4.2. The sampling circuit was driven by a Watson Marlow variable 
speed perstaltic pump set to deliver a flow rate of 26ml/minute. The total 
volume of the sampling circuit was 6.45ml.
4.2.2.2 PRODUCTION OF CALCIUM ALGINATE BEADS
Sodium alginate (3%, 500ml) was prepared by mixing overnight. This 
solution was poured into a 50ml standard burette and allowed to drop into a 
bucket of 0.2M CaClz from a height of 1 metre. A consistent bead size was 
achieved by ensuring the height of liquid in the burette varied by only 
±10%. After hour, the beads were removed and placed in a second bucket of 
0.2M CaClz. After te hour the beads were again removed, washed and stored on 
ice, in water.
4.2.2.3 ATTRITION OF CALCIUM ALGINATE BEADS
A preliminary experiment was set up to investigate the effect of shear 
and mixing on the integrity of the calcium alginate beads. A 2-bladed 
turbine blade (length and depth 2.5cm) was made by the workshop, Dept 
Chemical Engineering. Distilled water (300ml) was placed in a 500ml beaker 
to which was added 300 calcium alginate beads. The turbine was fully 
immersed in the bead suspension and connected to a drive unit to stir the 
suspension vigorously. After 4 hours the stirring was stopped and the beads 
examined for signs of attrition.
£.2.2.4 MEASUREMENT OF SUBSTRATE DIFFUSION COEFFICIENT
4.2.2.4.1 CONTINUOUS MONITORING USING A FLO? CELL
IADP or B(a)P solution (25ml) was pipetted into the 250ml beaker. The 
peristaltic pump and spectrophotometer were started and a stable ’baseline* 
was taken. The alginate beads were removed from their water bath and 
drained through a wire gauze to remove as much surface liquor as possible. 
The required mass of beads were weighed out and added quickly to the 
reactor vessel. For the initial stages of diffusion where the concentration 
change is rapid the spectrophotometer chart speed was set at 5sec/cm of 
chart paper to allow for an accurate analysis of events. After 
approximately 100 seconds the chart drive was changed to lOOsec/cm to 
conserve paper. The diffusion process was allowed to continue until a 
stable final concentration was attained.
4.2.2.4.2 DISCRETE SAMPLING METHOD
For the reasons explained in detail further on, the flow cell method 
for monitoring changes in B(a)P concentration was replaced by a method of 
removing samples from a foil-wrapped 250ml beaker into which oxygen-free 
nitrogen was sparged. This method of discrete sampling coupled with 
reducing exposure of the B(a)P to light and eliminating dissolved oxygen 
from the liquid ensured that photo-oxidation of B(a)P was kept to a 
minimum.
B(a)P solution (3pM, 25ml) was placed in a beaker and the temperature 
allowed to equilibrate to 37°C in a water bath. Six hundred and fifty 
calcium alginate beads (3%) were warmed to 37°C in a separate beaker. The 
diffusion process was started by straining the alginate beads through a 
wire gauze to remove as much surface water as possible and quickly adding 
them to the B(a)P solution. Every effort was made to ensure that the 
temperature of the liquid was kept as near as possible to 37°C. The 
diffusion process was followed by removing liquid from the beaker, rapidly 
taking an absorbance measurement at 261nm and returning the liquid to the 
beaker.
4.2.3 MEASUREMENT OF PARTITION COBFFICIEITS OF NADP AMD
B(a)P H  Al ALGHATE-VATER SYSTEM
4.2.3.1 MANUFACTURE OF ALGINATE BEADS
Calcium alginate beads (3%) were made as described in 4.2.2.
AJ2J3J2 DETERMHATIOI OF BEAD VOLUME AID RADII
The beads were counted into lots of 50, 100 and 150. Excess surface 
moisture was removed by gently dabbing with a cotton cloth. One lot of 50 
beads was dropped into an analytical burette containing a known volume of 
water. The volume increase in the burette was measured. Further 
measurements were made with 100 beads and 150 beads. This enabled average 
bead volume and average bead radii to be calculated. '
4.2.3.3 MEASUREMENT OF THE PARTITIOI COEFFICIENT
A known number of alginate beads were recovered, washed with distilled 
water and excess surface moisture removed by gently dabbing with a cotton 
cloth. Aqueous solutions of NADP and B<a)P were prepared to which the beads 
were added. The containers were wrapped in foil, covered and left in the 
dark at room temperature for 16 hours. A sample of both the NADP and B(a)P 
solution was removed prior to the addition of the beads. A further control 
experiment was set up with the beads in water only. This was designed to 
determine whether any UV absorbing component of the gel was released. Such 
a compound could interfere with the UV measurement of the B(a)P or NADP in 
the test samples. After 16 hours samples were removed from each vessel and 
the absorbance at the appropriate wavelength measured. The absorbance of 
the control sample was compared to water. This procedure was repeated after 
20 hours to check that the partition equilibrium was complete.
4.2.3.4 MEASUREMENT OF TERMINAL VELOCITY
The terminal velocity of alginate beads was measured in water at 
ambient temperature by dropping the beads one at a time into a 2-litre 
measuring cylinder, 75mm in diameter and 500mm deep, that was filled with 
water. The time taken for each bead to traverse the centre 300mm section 
was measured with a stop-watch. The 100mm between the liquid surface and 
the start of timing, taking about 3 seconds, was assumed sufficient for 
each bead to reach its terminal velocity. Beads made from both Xanucol and 
Manugel were tested.
4L . 3 RESULTS
4.3.1 PARTITIOI RESULTS
4.3.1.1 PARTITIOI OF IADP BBTIBEI ALGHATB AID VATER
The absorbance (340nm) of a sample of solution taken prior to the 
addition of the alginate beads showed no absorbance change after 16 hours 
storage at room temperature in the dark. The control samples (alginate and 
water only) showed no release of an absorbing (340nm) species in this time. 
Therefore it was assumed that the absorbance at the wavelength 
characteristic of HADP (340nm) of the test samples was due solely to the 
IADP absorption in water. A standard curve of IADP concentration and 
absorbance at 340nm was constructed. A least squares regression analysis
gave a correlation coefficient of 98.5% (Fig. 4.4). The concentration of IADP
in the alginate gel was calculated by performing a mass balance having 
determined the liquid concentration by absorbance. This approach was 
justified because the absorbance of an IADP solution was shown to be 
unchanged after 16 hours. The concentration of IADP in the gel was then 
platted against the concentration of IADP in the solution.
Results of the study are presented in Fig. 4.3 and Table 4.1. The data 
was analysed using the Minitabs Statistical Package (Univ. Pennsylvania).
The regression analysis showed:
CNADPlncwid = 0.849 CIADP]0«i Manugel alginate r2 = 96.5%
CNADPlii.cu.id = 0.538 [NADP]0.,i Manucal alginate r2 = 92%
It therefore appears that NADP undergoes partition in favour of the 
alginate gel with the ’Manucol’ gel attaining a higher equilibrium 
concentration than the ’Manugel’ alginate. The fact that charged species 
such as Ca2"*' interact strongly with alginate gels suggests that the NADP 
molecule may find sites for ionic attachment. Presumably this would explain 
the above observation. The difference in partition coefficients between 
’Manugel’ and ’Manucol’ alginates may be explained by a difference in
composition between the two alginates. This could not be confirmed by the 
manufacturers of the alginates. Because of this unexpected partition shown 
by the Manucol and the uncertainty of the effect in an immobilised enzyme 
system coupled with an awareness that further investigation into this was 
outside the scope of the planned work it was decided to use Manugel for all 
further work.
4.3.1.2 PARTITIOI OF B(a>P BETVEEI ALGHATE AID WATER
The absorbance (261nm> of a sample of solution of B(a)P taken prior to 
the addition of the beads showed a 23% absorbance decrease after 16 hours 
storage at room temperature in the dark. This was likely to be due to the 
natural decay of B(a)P in solution. Control samples were set up with just 
alginate beads in water and no significant increase in absorbance was
detected at 261nm after 3 days demonstrating that a 261nm-absorbing
component was not present in the gel. When calculating B(a)P concentration 
in the gel, total B(a)P in the system beads and liquid must be known. Hence 
the starting total was adjusted by 23% to account for the apparent B(a)P 
decay. The gel concentration of B(a)P was determined by difference having 
determined the liquid concentration by an absorbance measurement. Plots of 
CB(a)P3 gel against CB(a)P] liquid show an essentially equal partition of 
B (a)P between the gel and the water. The data was analysed by the Minitab 
statistical package and gave the following relationships:
CB(a)P3 gel = 0.953 CB(a)P3 liquid : Manugel
CB(a>P3 gel = 0.962 CB(a>P3 liquid : Manucol
For both types of alginate the partition coefficient is approximately the 
same. The concentration of B(a)P within the gel reaches 95% of the 
concentration in the liquid in the case of ’Manugel’ and 96% in the case of 
Manucol. The gel is a 3% (w/v) calcium alginate. Therefore it appears that 
almost all of the alginate pellet volume is available to B(a)P. The strong 
partitioning effect observed with NADP was not observed with B(a)P due 
probably to the hydrophobic nature of B(a>P and the predominantly 
hydrophilic nature of alginates.
4.3.2 DIFFUSION CELL STUDY
4.3.2.1 MANUFACTURE OF ALGINATE MEMBRANES
The method outlined in the previous section gave a consistent procedure 
for the production of alginate membranes. However thin membranes «  0.5 
mm) were difficult to produce. Firstly it was difficult to produce a 
membrane which had an area of consistent thickness suitable for the 
diffusion cell. Secondly the thin membranes were liable to tear and often 
were not able to support their own weight when mounted in the diffusion 
cell. Therefore the diffusion cell runs were carried out using membranes 
1mm or greater.
4.3.2.2 RESULTS OF DIFFUSION CELL STUDY
The experiment produced unsatisfactory results ascribed primarily to 
the difficulties in producing a thin membrane. The surface area across 
which diffusion was monitored was small (0.78 cm2) and hence the change in 
cell concentration with time was very low and difficult on occasions to 
distinguish from noise on the chart recorder.
The method of Tanaka et al (1984) for the measurement of diffusion 
coefficients is suitable for alginate pellets and overcomes the mechanical 
problem discussed above and can provide a large surface area compared to 
the membrane.
4.3.3 MEASUREMENT OF THE DIFFUSIVITIES OF NADP AND BCa)P IN 
CALCIUM ALGINATE GEL USING THE METHOD OF 
TANAKA BT AL (1984)
4.3.3.1 ANALYSIS OF EXPERIMENTAL DATA
The data from each experimental run was in the form of a chart 
recording of absorbance (y axis) versus time (x axis). This continuous data 
was digitalised by selecting suitable time intervals and reading off the 
corresponding absorbance reading from the chart recording. The NADP or
B(a)P concentration was then determined from standard curves of absorbance 
versus concentration previously determined using standard solutions of the 
solutes. The data is then in a suitable form for entering into a computer 
data file and subsequently processing.
4.3.3.2 COHHEITS 01 THE ASSUXPTIGV OF IEGLIGIBLE BXTEREAL
HASS TSAHSFER SESISTAHCE
The assumption that there is negligible external mass transfer 
resistance was made to simplify the analysis of the diffusion process and 
can be explored by considering the following Reynolds number correlation. 
The Reynolds number indicates the extent of turbulence in a system and is 
formulated from a characteristic velocity in the system, a characteristic 
linear dimension and the rheological properties of the fluid. The Reynolds 
number of an agitated tank is conventionally based on the impeller tip 
speed as the characteristic velocity and the impeller diameter as the 
characteristic linear dimension (equation 4.16).
The Reynolds number (Er e) in a turbine agitated tank is given by Perry 
(1984) as:
Ere = D2 Ep D = diameter of blade (m) 4.16
p. E = rotational speed (r/s)
p = density of liquid (Kg/m3) 
p = viscosity of liquid (Pa.s)
The turbine using in this experiment had a 4cm diameter and was run at 200 
rpm (E = 3.33 r/s). The p and p values were taken as water at 25°C. Ere is 
therefore 5332 for the agitated liquid.
At values of Ere between 10 and 10000 there is a transition region between 
laminar flow and fully turbulent flow within the vessel. However, this 
analysis is designed to describe a homogenous liquid whereas the alginate 
bead suspension contains many particles of approximately 3mm diameter. 
However, the Reynolds number associated with a particle suspended in an 
agitated liquid is more difficult to determine, as it needs to be based on 
the relative velocity between the particle and the fluid, which is difficult
to measure. The terminal velocity of the particle in the fluid is
conventionally taken as a working value of the characteristic veolcity, with
the particle diameter as the characteristic linear dimension.
Sre: = p u d  4.17
M
The terminal velocity was found by experiment to be 0.03m/s. The other 
values in the expression were taken as for water. Nr* is therefore 75 for 
the beads. This calculation would put the beads firmly in a laminar flow 
regime. Hence the two analyses appear to give contradictory results.
However the good correlation of the experimental data and the computer 
generated diffusion curves would appear to support the assumption that 
there was negligible external mass transfer resistance under the 
experimental conditions used. This suggests that the appropriate Reynolds 
number in this context is closer to the agitator Reynolds number than to
that based on the particle diameter and terminal velocity.
4.3.3.3 USE OF COMPUTER PROGRAM 'DIFFUSIOI Of A FUITE BATH*
The program is listed in Appendix (1). Acknowledgements are due to Mr. 
A. Bono and Dr. F. Farhadpour for their assistance in the analysis of the 
experimental data and for the program. The program was used to generate 
theoretical uptake curves from the equations listed in 4.1.2. To generate 
the uptake curves the properties of the diffusion system have to be closely 
defined. Experimentally determined values of the partition coefficient 
between gel and liquid, particle radius, volume of liquid and number of gel 
beads are input to the programme with an assumed value of the diffusion 
coefficient. The programme then generates a theoretical uptake value at 
time, t, the final output is written as theoretical uptake and square root 
of time (seconds). A number of uptake curves varying only by the value of 
the diffusion coefficient can be rapidly generated and compared to the 
experimental uptake curves thus providing an estimate of the diffusion 
coefficient. To run the program, the user must input the value of ex, the 
number of diffusion curves that are to be generated, the increment of time,
the square root of the maximum time value and the number of roots required 
in determining Qn. The diffusivity values used were selected about the 
predicted values from the correlations shown in the discussion to this 
chapter. The increments of time and the maximum time values were 
determined from the diffusion times in the experimental work.
4.3.3.4 HEASUREXEIT OF THE DIFFUSIVITY OF B<a>P H  ALGUATE AT 37~C
4.3.3.4.1 RESULTS USHG COITUUOUS I01TIT0RIIG - B<a>P DECAY
Although it is recognised that B(a)P is unstable when exposed to light 
Eeff (1979) the kinetics of the degradation have never been fully 
investigated. The results described below represent the special case of the 
degradation of B(a)P at 37°C by UV light, wavelength 261nm. The apparatus 
was set up as previously described. Alginate beads were not added to the 
reaction vessel. The absorbance (261nm) versus time profile was recorded on 
a chart recorder. Vhen the reaction process had reached an equilibrium the 
experiment was terminated. The results were digitised by reading the 
absorbance value at 100-second intervals on the chart recording. The 
concentration of B(a)P was then determined from the absorbance using a 
standard curve of B(a)P concentration versus absorbance at 261 nm.
Fig. 4.6 (from data in Table 4.3) shows the percentage reduction in 
absorbance at 261nm over a period of 3000 seconds. The results are also 
presented (Fig. 4.7) in a log (Co/Ct) format from which the following 
regression analysis was obtained:
log ((Co/Ct) = 0.000189 x time (seconds)
Correlation coefficient R2 = 95%.
From this regression analysis the value of the observed half-life of B(a)P 
in the experimental system can be calculated from:
t» = 0.693 4.18
Ed
tw = 0.693 = 3666 seconds or 61.1 minutes at 37°C
0.000189
The possible causes for this decay of B(a)P will be discussed later.
4.3.3.4.2 EFFECT OF EVCLOSHG THE SAXPLUG CIRCUIT IV ALUMHIUM FOIL
The photo-oxidation of B(a)P is an established phenomenon (JTeff, 1979). 
Therefore it was believed that if light could be excluded from the sampling 
circuit and reactor then the decay observed in 4.1.1 would be reduced. Fig. 
4.8 shows the decay curve of absorbance at 261nm.
As in section 4.3.3.4.1 the data was plotted as log (Co/CO versus time 
and regressed through the origin. The regression equation was obtained 
through the MIHITAB statistical software available on the University’s 
Mainframe computer:
log <Co/Ct) = 0.000252 x time (seconds)
The decay constant is therefore 0.000252 sec-1. From this value for the 
decay constant, the half-life of B(a)P under these conditions was 
determined as 45 minutes. Enclosing the sampling circuit with foil did not 
prevent B(a)P decay presumably because the B(a)P was still exposed to UV 
light in the spectrophotometer cell.
4.3.3.4.3 DISCRETE SAXPLUG OF BCa>P FROM FOIL-VRAFPED REACTOR
The data presented in 4.3.3.4.2 clearly shows that the experimental 
design results in a significant decrease in absorbance at 261nm aver a 
period of one hour. The sampling circuit was therefore replaced by discrete 
sampling where samples were removed manually from the foil-covered reactor 
and the absorbance at 261nm measured. The results shown in Fig. 4.9 (data 
from Table 4.5) indicate that there is no loss of absorbance over a period 
of 1 hour using this sampling method. This methodology is therefore 
suitable for studying the diffusion of B(a)P into alginate beads.
4.3.3.4.4 DIFFUSIVITY OF B(a>P H  3% CALCIUM ALGHATE
The experiments were carried out under the following conditions:
Volume of B(a)P solution 25 ml
Humber of alginate beads 650
Diameter of a bead 3.0 mm
Volume of one bead 0.014 ml
Temperature 37°C
Volume of monitoring circuit HA (discrete sampling)
The absorbance values were converted to concentration (pH) values using the 
appropriate factor taken from the standard curve. The quotient Xt./K» was 
then defined as:
C» - C*. = I*. 4.19
Co - C- K®
where the concentrations relate to the measured concentration of solute in 
the bulk phase.
Figs 4.10 and 4.11 show the uptake curves from the experimental runs. 
The raw and derived data associated with these figures is shown in Tables 
4.4-4.6. On each graph is superimposed the theoretical uptake curve 
generated assuming a diffusion coefficient of 7.5 x 10-,° m2/s. A visual 
inspection of the fit of the theoretical uptake curve to the experimental 
points shows that a value of 7.5 x 10“10 m2/s gives an accurate description 
of the observed diffusion process.
Fig. 4.12 (from data in Table 4.7) shows that the theoretical uptake 
values correlate with the observed uptake values. By choosing values for 
square root of time the corresponding values of uptake were determined 
directly from the theoretical data and by interpolation from the 
experimental data.
4.3.3.5 DIFFUSIVITY OF IADP H  3% CALCIUM ALGHATE
The experiments were carried out under the following conditions:
Volume of HADP solution 
Humber of Alginate beads 
Diameter of a bead 
Volume of one bead 
Temperature
Volume of monitoring circuit 
Detector wavelength
25.0 ml
650
3.0 mm
0.014 ml
37°C
6.45 ml
340 nm
The chart recording was digitised and absorbance values converted to 
concentration values using the appropriate factor taken from the
standard curve. The quotient Mt/M® was then calculated from:
where the concentrations relate to the measured concentration of salute in 
the bulk phase.
Figs 4.13-4.17 show the uptake curves for 5 experimental runs. The 
parameters listed above were identical in all 5 experimental runs. The raw 
and derived data associated with Figs 4.13-4.17 is shown in Tables 4.8-4.12 
respectively. On each graph is superimposed the theoretical uptake curve 
generated assuming a diffusion coefficient of 2.5 x 10“10 m2/s. A visual 
inspection of the fit of the theoretical uptake curve to the experimental 
points shows that a diffusion coefficient of 2.5 x 10“10 m2/s gives an 
accurate description of the observed diffusion process.
Fig. 4.18 shows how the theoretical uptake values correlate with the
observed uptake values. By selecting values for square root of time the 
corresponding values of uptake were determined directly from the
theoretical data and by interpolation from the experimental data. Table 4.13
gives the data points used in Fig. 4.18.
Hi.
K«
4.20
As can be seen from the plot of predicted versus observed uptake the 
model appears to slightly overestimate uptake in the very early stages and 
underestimate uptake towards the final stages. The model predicts that 
uptake will proceed faster than is actually observed in the first few 
minutes. The likely explanation for this effect is that an external film 
resistance is present at time=0 which effectively slows the uptake until 
the external film resistance becomes negligible compared with the internal 
mass transfer resistance. The underestimate towards the end of uptake may 
be due to the partitioning effect of HADP in alginate which would tend to 
accelerate uptake by maintaining the concentration gradient in the pellet.
4.3.4 ATTSITIOH OF CALCIUM ALGHATE BEADS
After 4 hours of vigorous mixing with the turbine the beads were 
decanted from the 300ml distilled water. The distilled water showed no 
turbidity or colour indicating that no components, soluble or insoluble, had 
leaked from the alginate pellets. The pellets appeared unchanged following 
the attempt at attrition. A likely explanation for this resistance to 
attrition is the apparent elasticity of the pellets. A spherical pellet can 
be deformed between 2 microscope slides to about half of its spherical 
diameter. Vhen the pressure is released the ovoid pellet will slowly reform 
to its original spherical shape. This work clearly shows that the 
resistance to attrition is a valuable property of alginate gels particularly 
for an industrial application such as a batch reactor where high attrition 
rates would be expected.
4, . 4L ID I S C U S S  I OUST
The mechanism of the molecular diffusion within a calcium alginate gel 
has not been experimentally evaluated. For the purposes of this work it 
will be assumed that the mechanism is that of bulk diffusion. Knudsen 
diffusion and surface diffusion only become significant when the pore 
diameter is of the same order of magnitude as the diffusing species. From 
the SEM micrographs presented in Chapter 3 it is obvious that the pare 
diameter is many orders of magnitude greater than the size of either HADP 
or B(a)P.
Although the theoretical solids content of the gel is 3% there is no 
certainty that the remaining 97% is freely available water-filled voids in 
which the substrate can diffuse. There is no available information relating 
to the degree of hydration of the components of the alginate matrix. Any 
water of hydration linked to the alginate would decrease the volume 
available for diffusion of the substrates.
One of the earliest methods is using a diaphragm cell (4.1.3.1). The 
experimental set-up is inexpensive, the experiment in theory is rapid and 
accurate. However major problems with this technique were found when 
applied to calcium alginate gel. As described in 4.3.2.1 the principal 
problem lies in producing a calcium alginate membrane that is thin enough 
to allow rapid diffusion between the compartments and rigid enough to be 
self-supporting. An attempt was made to use a wire gauze support for the 
membrane but was unsuccessful because it distorted the soft gel. The option 
of using a diffusion cell with a smaller inter-compartment surface area was 
not investigated because of the probable reduction in flux compared to the 
existing cell. This would challenge the sensitivity of the monitoring 
further. The method of Tanaka et al (1984) for the measurement of 
diffusivities in alginate had none of the practical problems identified with 
the diaphragm cell method. Gel pellets can be manufactured consistently 
whereas gel membranes are difficult to cast. The surface area of the 
membrane was 0.78cm2, whereas the surface area of a single 3mm diameter 
pellet was 0.28cm2. With at least 100 pellets being used in a single
experiment the surface area available for diffusion was significantly larger 
than the membrane used in a diaphragm cell.
The method has all the advantages of the diffusion cell method, i.e. it
is rapid, accurate and flexible without the necessity for overcoming the 
practical problems of making a suitable membrane. The Tanaka method simply
requires a stirred tank with alginate beads and a means of assaying the
concentration of the diffusing species.
The method does however assume that the external film resistance is 
negligible. This assumption was addressed and shown to be valid in terms 
of the pellets being in a liquid in turbulent flow therefore reducing any 
external film resistance. The work described here differs in one important 
respect compared to the original Tanaka paper. Since HADP has a strong UV 
absorbance the concentration of NADP can be monitored continuously by an 
external monitoring circuit and flow cell. The uptake profile is then 
generated continuously, whereas in the original method discrete analyses 
were relied on to produce the profile. To generate the theoretical profile 
the partition coefficient between substrate and gel must be known. The 
partition coefficients were determined in two types of alginate gel supplied 
by Kelco Ltd, Manugel DH and Manucol DJB. The two gels differ in the amount 
of cross linking due to the types of sugar residue present. In the case of 
hydrophobic B(a>P the partition coefficients are the same for both gels at 
approximately unity. The concentration of B(a)P in the gel at equilibrium is 
approximately the same as the concentration in the aqueous phase. This 
result is in agreement with the composition of the gel which is non­
hydrophobic hence the hydrophobic B(a)P molecule would not be expected to 
favour the alginate. However in the case of the HADP partition between the 
alginate and aqueous phase there appears to be a marked effect in favour of 
the alginate for Manucol. A partition coefficient of 0.552 was measured. It 
is likely that there is an ionic interaction between the positively charged 
Ca2-* in the gel and the phosphate groups of HADP. This observation is 
contradicted by the measurement of the HADP partition coefficient in the 
case of Manugel where a value of 0.849 was determined. Both gels have a 
similar molar ratio of calcium to alginate and hence a similar ability to 
bind the charged phosphate. The precise composition and purity of the two
forms of alginate was not available from the manufacturers so the 
possibility that an impurity is contributing to the binding of HADP in the 
case of Manucol cannot be commented on. There is certainly an effect with 
Manucol gel and hence it was decided to use Manugel alginate in all further 
experimentation.
4.4.1 COMP AS ISOM OF EXPERBEEITAL DIFFUSIVITIES WITH THEORETICAL
VALUES
Vilke & Chang (1953) have developed an empirical correlation to 
estimate the value of the diffusivity of solute in dilute solutions:
D12 = 7.4 10-’° T (x Mg)** 4.21
p Vb°-e
T = absolute temperature
X = associated parameter (2.6 for water)
M2 = molecular weight of solvent
p = viscosity of the solution in poises
Vb = molar volume of the diffusing solute in cm3/g-mol
obtained from Kopp’s Law
Values of volume increments associated with elements and ring 
structures are listed in Satterfield (1981) and hence the value of Vt> can 
be simply constructed. The average error involved in the use of the above 
equation is 10-15% (Satterfield 1981).
The Stokes-Einstein correlation is valuable for predicting the 
diffusivity of large molecules:
Due = 1.05 x 10-* T 4.22
p V*,1'®
The condition of Vb >0.27 (XM2)1 •e7’ determines the use of the Stokes- 
Einstein correlation. The values of the molal volumes of HADP and B(a)P, 
calculated from a published table of atomic volume, is shown in Tables 4.15 
and 4.16.
The value of the group 0.27 (XMz)1 ‘G7 is 358 in an aqueous system. The 
molal volumes of B(a)P and HADP are 265.4 and 576.4 respectively. Hence the 
Vilke-Chang correlation should be used for B(a)P and the Stokes-Einstein 
correlation used for the HADP calculation. For comparison, the calculation 
of the diffusion coefficients of HADP and B(a)P by both methods are shown 
in Tables 4.16 and 4.17.
Table 4.18 compares the values of the diffusion coefficients determined 
experimentally with those determined by theoretical correlation. The most 
striking feature of the comparison is that the coefficients derived by 
correlation give an underestimate of the diffusivity in the case of B(a)P 
and an overestimate in the case of HADP. This would indicate that there is 
not a feature of the method of Tanaka et al (1984) which gives a constant 
error in the determination of diffusion coefficients.
4.4.2 METHOD OF TAHAXA ET AL
The method used in this study for the measurement of the diffusivities 
of HADP and B(a)P is derived from a method first published by Tanaka et al 
(1984). The method has been shown here to be particularly applicable to the 
measurement of diffusivities in alginates. The simple requirement of the 
method is that a bulk-fluid sample can be separated from the support-fluid 
mixture either continuously or intermittantly and that the concentration of 
the diffusing component can be measured accurately. In the case of a study 
involving alginate beads where the beads are likely to be greater than 2mm 
diameter the recovery of suitable quantities of liquid for assay is a simple 
matter. Therefore this method can be applied to any diffusing species which 
can be assayed quantitatively.
4.4.3 MEASUREMENT OF THE DIFFUSIOH COEFFICIEHT USHG THE
DIFFUSIOM CELL
The principle of the diffusion cell method for the determination of 
diffusion coefficients is described in detail previously in this chapter.
The procedures are simple, the calculation of the results is rapid and the 
method is applicable to any diffusing species which can be assayed. The
method is particularly valuable in cases where the solute concentration can 
be detected continuously in a closed monitoring loop from one of the 
chambers. Salutes which have a strong UV or IE absorbance, or can be 
detected by a RI detector, or even solutes which are radioactive, are all 
most suitable for such diffusion cell studies. In practice it is preferable 
to monitor the appearance of the solute in the ’downstream’ compartment 
rather than monitor the disappearance of the solute from the ’upstream’ 
compartment. By assuming a constant solute concentration in the ’upstream* 
compartment, the calculation of the diffusion coefficient is simpler. The 
diffusion cell allows the worker to study a variety of alginate 
compositions and their effect an substrate diffusivity. Although the 
diffusion methodology is most suitable for this application several 
problems were encountered in preparing suitable alginate membrane samples. 
The principal problem involved the manufacture of a membrane thick enough 
to be self-supporting in the diffusion cell yet thin enough to allow 
reasonable diffusion rates of substrate. A practical method for 
manufacturing membrane less than 1mm thick was developed but these 
membranes were very weak and experimental runs were invariably halted by a 
hole or split developing in the membrane. Vhen thicker membranes were used 
the substrate flow was too slow to allow accurate monitoring of the 
substrate. The measurement of the membrane thickness was attempted by 
loosely fixing the membrane between 2 microscope slides and using a 
travelling microscope to determine membrane thickness. This showed that the 
membranes varied in thickness over a 1 cm2 area. The variation was 1mm 
±0.1. Further work is needed to devise a method for producing membranes of 
consistent thickness.
In summary, this work has produced previously unavailable values for 
the diffusivities of B(a)P and HADP in alginate gel. The author believes the 
HADP value in particular will be of wide general interest to researchers in 
this field as HAD and HADP are common cofactors used in the design of 
enzyme reactors.
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Experimental uptakes JU/M.
T* Kt/K~ theoretical
(A) <B>
0 0 0.00 0 0 0 0 0
3 0.14 0.166 0.13 0.065 0. 039 0,04 0.09
5 0.23 0.264 0.19 0.16 0.10 0.09 0.16
8 0.34 0.397 0.31 0.31 0.25 0.22 0.28
10 0.41 0.469 0.39 0.39 0.30 0.32 0.36
15 0.56 0.624 0.56 0.53 0.42 0.51 0.53
20 0.68 0.749 0.71 0.73 0.66 0.68 0.69
25 0.77 0.841 0.80 0.84 0.78 0.78 0.81
30 0.85 0.905 0.87 0.90 0.89 0.87 0.88
35 0.90 0.947 0.94 0.93 0.95 0.94 0.96
40 0.94 0.97 0.96 0.96 0.98 0.98 0.99
45 0.97 0.98 0.98 1.0 1.0 1.0 1.0
50 0.98 0.99 1.0 1.0 1.0 1.0 1.0
(A) Regression analysis Theoretical = 0.982 Experimental
D = 2.5 x 10-’° nP/s
(B) Regression analysis Theoretical = 1.03 Experimental
D = 3.4 x 10“10 nP/s
Table 4.13
Comparison of Experimentally Observed Fractional Uptake with 
Theoretically Predicted Uptake
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The Partition of IfADP Between Alginates and-.Vater
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Effect, .of the UV Konitoring Circuit on the Stability of B(a)P at
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The tubing and reactor were encased in aluminium foil to exclude 
light. Therefore any exposure to light was in the spectrophotometer 
cell. Plot of log of decay versus time.
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The Effect of Substituting Discrete Sampling From a Foil Encased 
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Fig. 4.10
Diffusion of B(a)P into 3% Calcium Alginate Gel at 37°C
Rub .1
The fractional uptake is calculated from the B(a)P concentration in 
the bulk solution surrounding the beads:
 [B(a)P3t o^ - [B<a?Plt_____
CB(a)P]t-0 “  [B (& )F ]aq u ilib riu R i
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of 7.5 x 10“1 ° H2/S was 
assumed in generating the predicted diffusion curve. The paints are 
experimentally determined.
FJLgi-Aill
Diffusion _of _B(a)P into 3% Calcium Alginate Gel at 37°C
Run 2
The fractional uptake is calculated from the B(a)P concentration in
the bulk solution surrounding the beads:
 CB(a)P]^Q - £B(a)P]«.
[B (a>P ]o -0  CB (fl)P ]«qu l I  lb r  itm
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of 7.5 x 10-,° H2/S was 
assumed in generating the predicted diffusion curve. The paints are 
experimentally determined.
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Fig. 4.12
B(a)P Diffusion in Calcium Alginate Beads at 37°C
Plot showing computer fractional uptake versus experimentally 
observed values. The solid line was drawn by finding the best fit 
through the origin by least squares regression analysis.
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Elg. 4.13
Diffusion of IADP Into 3% Calcium Alginate Gel at 37°C
Run 1
The fractional uptake is calculated from the IADP concentration in 
the bulk solution surrounding the beads:
 [IADPJ^o - [IADP3*.
£IA D P ]^o  -  CVADPlocui 1 ib r  lum
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of IADP of 2.5 x 10“10 
m2/S was assumed for the predicted diffusion curve. The points are 
experimentally determined.
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Fig. 4.14
Diffusion of IADP into 31 Calcium Alginate Gel
B uzL-2.
The fractional uptake is calculated from the IADP concentration in
the bulk solution surrounding the beads:
[lADPl^o - CIADPlt_____
tHADPDt-O ~ [H A D P]«quillbr lim
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of IADP of 2.5 x 10_1 ° 
m2/S was assumed for the predicted diffusion curve. The paints are 
experimentally determined.
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Dlffusicm_Qf IADP into 3% Calcium Alginate Gel at 37°C
Bun 3
The fractional uptake is calculated from the IADP concentration in
the bulk solution surrounding the beads:
 LBADP] t^—Q__ riADPi*_____
(IADP3 t-o “ (IADP] •q u ilib r iiA t
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of IADP of 2.5 x 10-1° 
m2/S was assumed for the predicted diffusion curve. The points are 
experimentally determined.
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Eig. 4,16
Diffusion of IADP Into 31 Calcium Alginate Gel at 37°C
Run 4
The fractional uptake is calculated from the IADP concentration in 
the bulk solution surrounding the beads:
 [lADPJt-o - [IADP3*_____
[IA D P] t»*0 [S M )P ]«q u ilib r ium
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of IADP of 2 .5  x 10- 1 °  
m2/S was assumed for the predicted diffusion curve. The paints are 
experimentally determined.
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Fig. 4,1?
Diffusion of 1ADP Into 3% Calcium -Alginate Gel_at
Run 5
The fractional uptake is calculated from the IADP concentration in 
the bulk solution surrounding the beads: 
tIAPP3^Q - [SAPP], _
[5ADP 31—O [H A PPlaquillbrium
The solid line is the uptake curve predicted using the computer 
program described previously. A diffusivity of WADP of 2.5 x 10—1 ° 
m2/S was assumed for the predicted diffusion curve. The points are 
experimentally determined.
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Correlation Between Experimentally and Observed Fractional Uptakes 
and Computed Fractional Uptakes for RAPP Diffusion in Alginate Gel
A. diffusion coefficient of 2.5 x 10~10 m2/S gave a good correlation 
by least squares regression.
Theoretical Uptake = 0.982 x Experimental Uptake
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REMOVAL OF B(a)P FROM SOLUTION 
TJJS I RG AR I MMOB I L I SEI> 
MIGROSOMAI- P450 PREPARATION
S . 0_ . 3_ INTRODUCTIOR
The scope of this chapter covers support-solute interactions which can 
be described as affinity interactions. An affinity interaction can be 
defined as an interaction between the support and solute in which the 
chemical or biochemical properties of the solute are complementary to the 
biochemical or chemical properties of the support. When considering the 
design of a system based on an enzyme such as cytochrome P450 for the 
removal of a compound from aqueous solution either the catalytic activity 
can be used for the conversion of the compound to a product of reaction, or 
the enzyme-substrate interaction can be applied to specifically remove the 
compound from solution. In the case of cytochrome P450 the product of the 
hydroxylase activity on B(a)P is 3-OH B(a>P which is potentially far more 
carcinogenic than B(a)P. Therefore an affinity support based on cytochrome 
P450 for the removal of B(a)P where B<a)P remains unchanged may be the 
preferred route. The present work concerns the immobilisation of yeast 
microsomal cytochrome P450 preparation and its use as an affinity support 
for the removal of B(a>P from aqueous solution. Sorption may be defined as 
the transfer of one or more solutes from the fluid phase to a batch of 
material or particles called the support. By selecting the appropriate 
conditions in the fluid phase and selecting the correct support, a part­
icular component of the fluid may be selectively adsorbed. Hence the feed 
stream is depleted of the adsorbed species. Generally, adsorption conditions 
can be modified to cause desorption of the component from the support 
either batch-wise or via a continuous regeneration method such as that 
described in a recent patent by Winkler & Clift (UK PAT 2180466). This 
methodology of sorption-desorption is widely used in chemical and biochem­
ical processing industries. This section will be confined to biochemical 
processes where the nature of the interaction between support and solute 
will be taken as the principal parameter for characterising the sorption 
process. Ion exchange is the most established methodology for protein 
purification. An ionised group (often carboxyl or amino) is attached to an
inert support to give a support which non-spec if ically binds species 
carrying the opposite charge. By modifying the ionic strength of the mobile 
phase (hence introducing competition for the charged sites on the support) 
the bound molecule is displaced and eluted. It is important to note that 
this is a non-specific technique for protein purification.
Supports to which a hydrophobic group have been attached (e.g. C18f 
CIO, C8 or phenyl residue) will adsorb solutes which are hydrophobic 
relative to the mobile phase (Shalteils, 1984). Similarly these adsorbed 
species can be displaced if the hydrophobic character of the mobile phase 
is increased. Just as there are many biochemical and chemical properties 
characterising a biochemical molecule so there are a number of affinity 
techniques exploiting these properties.
5.1.2 AFFHITY TECHNIQUES
Enzyme-substrate interactions have, historically, been the most widely 
exploited example of affinity absorption. Either the enzyme is attached to 
an insoluble support and substrate is recovered from the feed, or the 
substrate or substrate analogue is attached to the support and used to 
selectively recover the enzyme from a complex mixture. This technique 
offers a specific interaction between the support and the salute hence 
excellent recovery and purification are expected. The use of immobilised 
enzymes for biocon vers ions is well established and documented and is 
beyond the scope of this section. The use of immobilised substrate system 
for the specific recovery of enzymes is less well established, but there has 
been a remarkable growth in the technique in recent years.
Kanda et al (1984) attached chromatin fragments to a sepharose support 
for the selective recovery of isopeptidase whilst Awasthi & Singh (1984) 
attached glutathione to agarose for the purification of gluthathione s. 
transferase. Itoh et al (1984) used a poly(u)sepharose matrix for the 
recovery of m.RHA guanyltransferase from S. cerevisiae. Similarly Roggen & 
Siegers (1985) purified poly (A) polymerase using a poly (A) sepharose. Indeed 
the poly(u) and poly (A) sepharoses are now commercially available, such is
the general appeal of the affinity separation method for the purification of 
polymerases. Robinson et al (1974) coupled p-aminophenyl £-1 
galactopyranoside to sepharose and successfully purified $ galactosidase. 
Steinbuch (1980) purified an enzyme (human amylase) by binding cyclohepta- 
amylose to epoxy-activated sepharose 6B.
A less specific form of affinity interaction utilises the strong 
affinity some enzymes have for cofactors such as adenosine phosphates, 
flavine nucleotides or JTADP and IT AD. Thus a cofactor is covalently attached 
to the support and is used to selectively bind enzymes which have a binding 
site appropriate to that cofactor. This methodology is widely reported in 
the literature and recent uses of this technique include Ryle et al (1984) 
who purified aldehyde reductase using an ADP-Sepharose 4J3 matrix, Lee & 
O’Sullivan (1985) who used ATP-Sepharose for the purification of 
phosphomevalonate kinase and Lindahl & Evces (1984) who purified aldehyde 
reductase using an ADP-sepharose matrix.
The exploitation of the affinity between a membrane receptor and its 
ligand is practically confined to experimental research work. Traube et al 
(1984) used oc-interferon bound to sepharose via a hexanoyl chain to bind 
and hence purify the a-interferon receptor an lymphoblastoid cells. Salem 
et al (1984) used a thrombin-sepharose matrix for the purification of 
thrombodulin from human placenta. The interaction between an antibody and 
the antigen is highly specific and recently has gained widespread use both 
experimentally and industrially in the recovery and purification of 
proteins.
The techniques for the purification of antibodies are well established 
as are the techniques involved in attaching protein to supports (through 
the volumes of work on immobilised enzyme systems). The technology is 
certain to assume significant industrial importance as the availability of 
monoclonal antibodies could supply the large quantities of antibody 
required for an industrial system. The applications of an immune affinity 
system are widespread as shown in Table 5.1 which details a selection of 
recent publications in which immune affinity has been used.
Lectins are a class of plant protein which have a strong affinity for 
glycoside chains. Therefore they have found an application in the selective 
uptake of glycoproteins from complex mixtures. The most common lectin used 
for this purpose is concanavalin A (conA) from Jack Bean which is available 
commercially bound to a sepharose support. The bound ligand is removed 
from the lectin-support matrix by eluting with a specific complementary 
sugar (H-acetyl glucosamine for wheatgerm lectin and a-methyl D- 
mannopyranoside for conA). A useful example of the use of lectins in 
affinity purification is given by Brada & Dubach (1984) in which their 
purification procedure for glucosidase from pig kidney lists ConA-sepharose 
4J3, wheatgerm lectin-sepharose 61£, and lentil lectin-sepharose CL 4J3 
affinity steps.
Anthroquinone dyes, such as cibacron blue, and napthalene dyes, such as 
procion red, have attracted considerable interest in protein purification 
since it was first demonstated by Kopperschlager et al (1971) that yeast 
phosphofructokinase had a remarkably high affinity for blue dextran. Ho 
affinity was observed when the blue dextran chromophore was removed. 
Subsequent identification of the chromophore as cibacron blue F3GA has led 
to a wealth of work on the purification of protein using dyes as affinity 
ligands. The topic was comprehensively reviewed by Kopperschlager et al 
(1979). The precise explanation as to why these textile dyes should 
specifically bind to some classes of enzymes is still under discussion 
(Kopperschlager et al, 1979). The general view is that the dyes are specific 
analogs of coenzymes (e.g. HAD, HADP, FAD, AMP) which is supported by the 
finding that these co-enzymes compete for the same binding site as the dye 
during desorption of the dye-protein conjugate (Thompson et al, 1975). This 
hypothesis is contradicted by the finding that the sulphonated napthalene 
dye behaves similarly to the blue dye yet differs greatly in its structure 
(Watson et al, 1978), Furthermore the blue dye interacts strongly with 
serum albumin (Travis & Pannell, 1973) which has no binding site for co­
enzymes. However, the dyes have made a positive contribution in the 
purification of the dehydrogenases and phosphotransferases which are co­
enzyme requiring.
5.1.3 THEORETICAL A1ALYSIS OF AFFUITY
There are very few publications which set out to specifically analyse 
the theory of affinity interactions. Whilst the theory of immobilised enzyme 
systems is well explored, the application of existing equilibrium and 
diffusion reaction theory to affinity problems is rarely discussed.
Any affinity process can be characterised by the equilibrium that 
exists between the ligand and the solute in the mobile phase. Graves & Vu
(1979) set up the following equation to describe such an equilibrium
process in a system where an enzyme is being taken up from solution by a
specific ligand.
Taking a thin slice of an affinity column (volume v) within the support 
and a void volume V of solution phase, assuming the simple equilibrium can 
be described as:
E + L k i v EL
ri-i 5.1
then it can be shown that:
EL = fc EB3 El - (1-A)**]
Lo 5.2
. where B = Ks (V - v) + Eo.Y + 1
Lo v Lo v 5.3
and A = 4 Eo V
B2 Lo v 5.4
E, L and EL are the equilibrium concentrations of the enzyme, ligand
and enzyme-ligand complex respectively
Eo is the enzyme concentration present in volume V initially
Lo is the ligand concentration in the gel (volume v)
The dissociation constant K„ is defined as:
Ks = _ka_ = £E1_IL1
k-i EL 5.5
In practice the quantity A is much less than 1 and the equation can be 
rearranged and simplified to give:
Bound enzyme
Total enzyme
(EL) -Y 
<Eo) V
LO-,-V
C+LoV 5.6
where C = K» (V+vHEoV 5.7
Thus Equation 5.6 is of the same form as the established Langmuir 
adsorption isotherm.
By rearrangement of 5.6 and 5.7 saturation kinetics relating to saturation 
of the ligand can be demonstrated:
Fractional gel = (EL) * EoV
saturation (Lo) D+EoV 5.8
where D = K» (V + v) + Lo v 5.9
A typical saturation curve would be produced from the above expression. 
Therefore, having established the basis of the equilibrium, the diffusion 
reaction process can be studied in detail and a model describing the rate 
of uptake can be developed.
Graves & Vu (1979) have presented a diffusion reaction model which is 
easy to understand and use. For simplicity it assumes that there is no 
external film mass transfer resistance and far simplicity in salving the 
resulting partial differential equations the equilibrium shown in Eq 5.1 is 
represented by a simpler reaction:
This representation of the equilibrium is equivalent to the second 
order case where Lo is much greater than E. As the bead approaches 
saturation this condition of Lo >> E may be less correct hence some 
inaccuracies in the model may be present as the bead approaches saturation.
E =Jll_ EL
k-i
5.10
where ki \ the pseudo first order rate constant, is defined by:
ki Lo 5.11
Using the assumption stated above, the initial rate of solute uptake was 
defined by Graves & Wu (1979) as:
rate = dK 4Ctt 1 + K-11* - 4jc 
dt t
5.12
when  L is less than or = 0.1
1 + K.
Where t is a dimensianless time defined in real time units by:
t = D*. e 
r2
M is the mass or solute in the support
K. is a dimensionless equilibrium constant defined by:
K. = La.
5.13
5.14
If we assume that the reaction is instantaneously rapid then at a idme
t  > 0.1
1+K.
Eq 5.12 is less correct and can be replaced with a truncated infinite 
series with good accuracy:
dlL = 8k 
dt
~4K2t -9rc2t 
1+K. 1+K. 1+K.
e + e + e
5.15
1 + K.
> 0.1
The integrals of the above equations (12 + 15) yield the enzyme uptake by 
the bead:
IL_ = S_ C t ]>»
tc* 1 + K.
t < 0.1
1 + K. 
and 
H _  = 1-
~Kgt
1+K.
1 + K.
5.16
1+K.
Ue +
1+K.
l/9e
5.17
t > 0.1
1 + K.
IU, = L k (1 + K.) 5.18
3
and M is dimensionless concentration of both free and complexed enzyme 
given by:
H-c = L (1 + K.) 5.19
3 Eo
The fractional absorption term defined in Eqs 5.16 and 5.17 is 
relatively easy to determine experimentally. Hence this model offers a rapid 
method for characterising the behaviour of a batch affinity step.
S. S MATERX ALS AND METHODS
5.2.1 DIRECT KOIITORIIG OF B<a)P REXOVAL FROX SOLUTIOI BY DDCOBILISED 
EXZYXE
The materials and methods associated with this study are derived from 
the methods developed for the diffusion experiments. In summary the reactor 
was maintained at 37 °C with an external loop passing through a 
spectrophotometer with the wavelength detector set at 261nm, the signal 
from the detector was monitored continuously by putting the output to a 
chart recorder. The principal difference is that a cytochrome P450 
preparation was immobilised in the alginate gel. A 6% sodium alginate 
solution was made by stirring overnight at room temperature. Cytochrome 
P450-rich yeast preparation (50ml) was added to 50ml 6% sodium alginate 
and thoroughly mixed. The resultant solution contained 3% sodium alginate 
and 2 nmoles P450/ml alginate. This solution was then placed in a 25 ml 
burette and dropped into 0.3M CaClz. The pellets so formed were allowed to 
gel fully over a period of Mt hour before being removed from the CaClz and 
washed in distilled water prior to use.
5.2.2 EXTRACT IOX OF B(a)P FROX 0.1X TRIS BUFFER pH 7.1 USHG 
HEXAXE
Standard solutions of B(a)P were prepared by adding microlitre 
quantities of a stock solution of B(a)P (2mg/ml in DMF) to 0.1H Tris buffer 
pH 7.1. The final concentration of the standards ranged from 0.2 to 1.6/jtg/ml 
and represented the range of concentrations in which further experiments 
were to be carried out. Each of the standards (2ml) was mixed with 2ml 
hexane containing 1% amyl alcohol which was found to be necessary to 
prevent the formation of a stable emulsion. The solution was thoroughly 
mixed using a rotary mixer for hour. The solution was then centrifuged at 
3500 rpm for 20 minutes to ensure that the hexane phase was fully 
separated from the aqueous phase. The upper hexane phase was carefully 
taken off using a Pasteur pipette and assayed for B(a)P using fluorescence 
with excitation wavelength 360nm and detection wavelength 406nm.
5.2.3 SOLUBILITIES OF B<a)P H  VATER AID TRIS BUFFER
Standard solutions of B(a)P in the range 0.2-2 pg/ml were made up in 
water and in 0.1M Tris buffer,and incubated at 37°C for & hour.
The standard solution was centrifuged at 3500 rpm for 20 minutes, and 
the supernatant extracted in hexane as described in 5.2. The hexane extract 
was assayed for B(a)P using the fluorimetric analysis described in 5.2.
5.2.4 EFFECT OF 0 J5% TVEEI 80 OI B(a)P SOLUBILITY
The experiment described in 5.3 was repeated using water containing 
0.5% Tween 80,
5.2.5 UPTAKE OF B(a)P BY A CYTOCHROSE P450-COITAHHG PREPARATIOI
The cytochrome P450-containing preparation was stored as a microsomal 
concentrate prepared by the novel method described in chapter 1. The 
preparation was stored in 20ml aliquots at -80°C awaiting use whereupon it 
was thawed at room temperature and assayed for cytochrome P450 by the 
method of Omura & Sato (1964). The concentration of cytochrome P450 was 
thus found to be 2.08 nmoles/ml. Over a period of months in which these 
experiments were carried out the thawed sample gave a consistent assay 
demonstrating the stability of the preparation at -80°C and over the 
freeze-thaw cycle. Vhen required the cytochrome P450 preparation was 
diluted in 0.1H Tris buffer pH 7.1. The cytochrome P450-containing 
components of the microsomal preparation are readily sedimented by 
centrifugation at 3500 rpm for 20 minutes. This was confirmed by a 
cytochrome P450 assay on the supernatant. Hence the amount of B(a)P taken 
up by the cytochrome P450 could be rapidly determined by centrifuging the 
solution and hexane extraction of both the supernatant and sediment. The 
concentration of B(a>P in the hexane extracts could then be determined 
f luor imetr ically.
In the experiments where heat-denatured cytochrome P450 was used it 
was found that the heat treatment coagulated the protein in the sample. The
heat-denatured samples were therefore homogenised with a Potter Elvehjem 
homogeniser prior to analysis.
5.2.6 XETHOD OF MXOBILISATIOJf OF CYTOCHROME P450
A cytochrome P450 solution, prepared by the method of Sadler et al 
(1984), was thawed slowly at room temperature and assayed for cytochrome 
P450. A 6% solution of sodium alginate in 0.1M Tris buffer pH 7,1 was 
prepared by stirring overnight to fully dissolve the alginate. A 0.3M 
solution of CaClz in 0.1M Tris buffer pH 7.1 was prepared. Equal volumes of 
the cytochrome P450 preparation and the sodium alginate solution were 
combined and poured into a 25ml burette.
The alginate pellets were formed by adding the contents of the burette, 
drop by drop, into 1 litre CaClz. Fresh 1-litre lots of calcium chloride 
solution were used for every 25ml alginate. The alginate beads were left 
soaking in the calcium chloride solution for hour to ensure that the 
gelation process was complete. Prior to use, the beads were rinsed quickly 
in 0.1M Tris buffer pH 7.1, followed by straining the beads through a gauze 
mesh to remove as much surface liquid as possible before the addition to 
the test solution.
5.2.7 UPTAKE EXPERHEITS VITH VARIABLE BCa)P COICEITRATIOIS
The aim of this experiment was to establish in what region of the 
saturation curve the following experiments were to be carried out. The 
limiting concentration of B(a)P was the limit of solubility found 
previously. Quantities of B(a)P varying from 5 to 60pg were added directly 
to a 1-ml sample of the cytochrome P450 preparation. The B(a)P was added 
as a stock solution of 2 mg/ml in DMF. The solutions were incubated for 
hour at 37°C and then centrifuged at 3500 rpm for 20 minutes. The sediment 
and supernatant were separated and to each was added 1ml hexane containing 
17* amyl alcohol. A hexane extraction was performed as described previously 
and the extracts assayed for B(a)P using the fluorimetric techniques 
described above.
5.2.8 AFFHITY UPTAKE CORVES
The immobilised cytochrome P450 alginate beads were prepared as 
described previously. The beads were counted into lots of 1000 (assistance 
by Dr. M.J. Sadler) for each uptake experiment. The beads were assumed to be 
spherical and the volumes and diameters of the beads were determined by 
the volume of 0.1H Tris buffer pH 7.1 that 1000 beads displaced. The volume 
measurement was carried out in a 50ml burette. The size of the beads 
decreased with increasing proportion of cytochrome P450 preparation in the 
3% alginate mix. To minimise any degradation of the B(a)P due to photo- 
oxidation the uptake experiments were performed under nitrogen sparging and 
with the reactor vessel wrapped in aluminium fail. The system was stirred 
using a 4cm 2-bladed turbine at 200 rpm. The required amount of B(a)P was 
added to 50ml Tris buffer pH 7.1 from a stock solution of 2mg/ml in DMF.
Lots of 1000 beads were added to the B(a)P solution and the uptake 
monitoring was started. Samples (1ml) of liquid were removed and added to 
lml hexane containing 1% amyl alcohol. At the sample time 20 beads were 
removed from the uptake mixture and discarded. The removal of the 20 beads 
maintained the number of beads/ml of liquid at 20. The B(a)P concentration 
in the sample was determined by doing a hexane extraction and assaying the 
hexane phase for B(a)P using the fluorimetric method detailed previously.
5 . 3 RESULTS
In any work measuring the uptake of a compound from solution the 
researcher can either take the support at various times and extract the 
compound and hence gain a time versus concentration profile of the 
compound in the support or measure the concentration of the compound in 
the bulk liquid and by difference infer the concentration in the support. In 
the case of B<a)P where the compound is both hazardous and unstable the 
latter approach was considered to be appropriate. Having measured and 
minimised the rate of decay of B(a)P in solution in the experimental work 
the author has no reason to to doubt the validity of measuring B(a)P 
concentration in the support by difference.
5.3.1 DIRECT KOIITQRIVG OF B<a)P UPTAKE BY IMMOBILISED EVZYME AT
37°C
Using a Varian double beam scanning spectrophotometer the absorbance 
maximum of a dilute solution of B(a)P was determined as 261nm. All further 
UV measurements of B(a)P solutions were performed at 261nm. Alginate gel 
beads were prepared as described previously. The experiments were carried 
out to assess the feasibility of using UV absorbance to monitor directly 
the uptake of B(a)P by the alginate entrapped cytochrome P450.
5.3.1.1 COMTROL EXPERIMEIT TO MOIITOR UPTAKE OF B(a)P
AT 37°C BY ALGUATE BEADS
B(a>P uptake by alginate was studied in depth in chapter 4. It was 
conclusively shown that B(a)P uptake could be described by conventional 
diffusion theory and that the partition of B(a)P between the liquid phase 
and alginate approximates to unity. This experiment was run on a control to 
ensure that no UV absorbing species leaked from the alginate pellet so 
interfering with the monitoring of immobilised cytochrome P450 uptake. As 
can be seen in Fig. 5.1 (data Table 5.2) B(a)P uptake from solution follows 
the expected uptake curve.
5.3.1.2 UPTAKE OF BAP BY DEMOBILISED CYTOCHROME P450 AT 37°C
In this experiment the alginate beads were prepared with a crude 
solution containing cytochrome P450. The uptake profile gives a surprising 
result. The absorbance at 261nm was observed to rise during the uptake 
experiment. Bo turbidity was noted to develop in the liquid during the 
uptake run. Bo micro-particulate matter was observed in the liquid.
The absorbance was still increasing when the experiment was terminated 
at 48 minutes. It was therefore postulated that the increase in absorbance 
was due to a component of the immobilised cytochrome P450 preparation 
leaking from the gel during the experiment (Fig. 5.2; data Table 5.3).
5.3.2 EXPERDCEBTS TO SEPARATE MEASUBEMEVT OF B(a)P UPTAKE 
BY DEMOBILISED CYTOCHROME P450 FROX RELEASE OF THE 
UV-ABSORB IMG SPECIES
5.3.2.1 UPTAKE OF BAP BY LIVE EBZYME AT 37**).
In the absence of B(a)P from the ’uptake mixture’ the absorbance was 
seen to rise rapidly (Fig. 5.3; data Table 5.4). The absorbance of the 
solution was seen to increase by 1.6 absorbance units at 261nm in 40 
minutes. Clearly a solute is leaking from the alginate gel beads.
5.3.2.2 UPTAKE OF BAP BY DEMATURED EBZYME AT 37~C
The above experiment was repeated but with a preparation that had been 
bailed for 10 minutes to denature the cytochrome P450. The absorbance rose 
by only 0.17 absorbance units at 261 nm after 35 minutes. It was noted that 
the yeast preparation appeared very flocculent following the bailing 
procedure. In order to resuspend the precipitate it was necessary to use a 
Potter-Elvehjem homogeniser. It is possible that the denatured protein in 
the microsomal preparation was insolublised (Fig. 5.4; data Table 5.5).
5.3,3 HEMIE EXTRACTION OF B(a)P FROM AQUEOUS SOLUTION
From the results presented, in 5.1 it is clear that some UV absorbing 
species are being released from the immobilised enzyme alginate pellets. 
Therefore the concentration of B(a)P cannot be easily determined by UV 
absorbance in the presence of this absorbing species, B(a)P can be rapidly 
recovered from aqueous solution by extraction with hexane. However it was 
found that during the extraction procedure a persistent emulsion was formed 
which would not separate into the hexane/water phases on standing. Amyl \ 
alcohol (1%), added to the hexane, successfully prevented the formation of 
the emulsion. Fig. 5.5 (data in Table 5,6) shows the standard curve of B(a)P 
concentration against fluorescence using excitation wavelength 360 nm and 
detector wavelength 406nm, This standard curve was used in subsequent work 
using the hexane extraction method for the determination of B(a)P 
concentration.
5.3.4 SOLUBILITY OF B(a)P IB VATER AND TRIS BUFFER AT 37°C
Before proceeding on to the immobilised study where E(a)P will be added 
directly to either water or Tris buffer rather than to the protein and 
lipid-rich microsomal preparation, it was felt necessary to check that the 
solubility of B(a)P in the previous experiments was not an artefact due to 
components of the microsomal preparation causing solubilisation of B(a)P.
In pilot experiments it was noted that fallowing centrifugation of a B(a)P 
solution, a green film was observed at the bottom of the centrifuge tube. It 
was likely that this green film was B(a)P solid which was not in true 
solution befoi'e centrifugation. This hypothesis was tested by assaying for 
B(a)P at the characteristic excitation/emission wavelength in both the 
sediment and the supernatant following centrifugation and hexane extraction. 
Fig, 5.6 (data in Table 5.7) shows both the results of the experiment 
carried out in the system using water as solvent and shows the effect of 
using 0.1M Tris on the solubility of B(a)F. In both experiments the 
fluorescence of the supernatant (fallowing hexane extraction) is between 
150 and 200 FU. From the standard curve Fig, 5.5 this corresponds to a 
B(a)P concentration of 0.26 x 10~'3 mg/ml to 0.350 x 10~3 mg/ml solubility 
in water or'tris buffer at 37°C, These results indicate that B(a)F has a
lower solubility than, previously supposed in the experiments where B(a)P 
was added to a microsomal preparation compared to its solubility in pure 
water or 0.1M Tris buffer. The electrophilic Tris buffer does not appear to 
have an adverse affect on the solubility of the hydrophobic B(a)P. All 
further work will be carried out using concentration of B(a)P lower than 
0.260 x 10"3 mg/ml B(a)P.
5.35 EFFECT OF 0.5% TVEEN 80 01 APPARENT B<a>P SOLUBILITY AT 37°C
The solubility experiment was repeated but with water containing 0.5% 
Tween 80. The addition of small quantities of this detergent was made to 
increase the apparent solubility of B(a)P. The data presented in Fig. 5.7 
(data in Table 5.8) clearly shows that presence of Tween 80 has increased 
the apparent solubility of B(a)P from 0.26-0.35x10~® mg/ml in (5.3) to at 
least 1.4x10"“® mg/ml. The saturation point of the Tween 80 solution with 
B(a)P was not observed. This experiment shows that the B(a)P concentration 
in aqueous systems can be elevated by the presence of 0.5% Tween 80. It 
must be noted that the addition of the Tween 80 will cause the formation of 
micelles of B(a)P in the aqueous solution and is therefore only suitable for 
uptake work on non-immobilised cytochrome P450 where the micelle will be 
freely available to the P450.
5.3.6 UPTAKE OF B(a)P BY CYTOCHROME P450 - ANALYSIS USUG HEXANE
EXTRACTION
The Cytochrome P450 concentration in the yeast sample was measured 
using the method of Omura & Sato (1964) and found to be 2.08 nmoles 
P450/ml. Two experiments were conducted, the first in which B(a)P 
concentration was kept constant whilst cytochrome P450 concentration was 
varied. The second in which cytochrome P450 concentration is constant and 
B(a)P varied.
5.3.6.1 EFFECT OF MICROSOMAL CYTOCHROME P450 CONCENTRATION ON THE 
REMOVAL OF B(a)P FROM SOLUTION AT 37-C
B(a)P was added to the preparation at a final concentration of
2 x 10“® mg/ml. Cytochrome P450 concentration was varied as shown in 
Table 5.9. In the control sample only very small amounts of B(a)P were 
detected in the ’sediment*. This was probably due to the presence of 0.5% 
Tween 80 which maintained the B(a)P in solution. Fig. 5.8 graphically 
presents these results. It is clear that as the concentration of cytochrome 
P450 is increased so the amount of B(a)P sedimented is increased. This 
suggests that B(a)F is binding to some component of the yeast preparation 
and is being sedimented with the yeast preparation following centrifugation. 
From this data the moles of B(a)P observed to bind to ’1 mole of P450* were 
calculated and are presented in Table 5.9. By determining the mass of B(a)P 
in the sediment and in the supernatant using the fluorescence standard 
curve, the total was compared to the amount of B<a)P added to the samples. 
Thus an estimate of the error involved in this experiment could be 
determined. This data is presented in Table 5,9.
5.3.6.2 UPTAKE OF VARYING CONCENTRATIONS OF B(a)P BY 2 NMOLE
CYTOCHROME P450 AT 37°C
In this experiment the preparation contained a constant level of 
cytochrome P450 (2 nmoles/ml) and varying B(a>P (from 0 to 4 x 10“® 
mg/ml). Table 5.10 details the results and the data is presented graphically 
in Fig. 5.9. This confirms the indication in the previous experiment where 
B(a)P was sedimented in the presence of the yeast preparation, confirming 
that the B(a)P was binding to some component of the yeast preparation. 
Binding capabilities of the yeast preparation in terms of moles B(a)P per 
mole cytochrome P450 are presented in Table 5.10;
5.3.65 UPTAKE OF B<a)P BY A DENATURED P450
PREPARATION AT 37°C
The experiments reported in 5.5.1 and 5.5.2 inconclusively showed that 
cytochrome P450 was responsible for the observed uptake of B(a)P from 
solution. The following control experiment was run when the yeast 
preparation was thoroughly denatured by boiling for 10 minutes. Any uptake 
of B(a)P would then be due to a non-specific interaction between B(a)P and 
a component or components of the yeast preparation. The data is presented
in Table 5.11 and Fig. 5.10 and clearly shows that the denatured yeast 
preparation has retained the capability for the uptake of B(a)P from 
solution. This finding has important implications for the study in that 
whilst the removal of B(a)P from solution may be related to cytochrome 
P450 concentration the precise mechanism of the removal may not be 
explained by simple enzyme-substrate interactions.
5.3.7 EFFECT OF CYTOCHROME P450 CONCENTRATION ON B(a)P UPTAKE
AT 37°C
The findings reported in 5.3.6 were tested using an alternative 
experimental protocol. A sample of yeast preparation (P450 = 2 nmole/ml) 
was warmed at 37°C over a period of 4 hours. Cytochrome P450 has a short 
half-life at this temperature (~ 90 minutes) and therefore active 
cytochrome P450 levels would decrease with time whilst protein 
concentration and lipid concentration in the sample would remain constant. 
Therefore whilst the actual cytochrome P450 levels would decrease over a 
period of 4 hours at (37°C) the other microsomal material possibly 
responsible for the absorption of B(a)P should remain unchanged. By 
measuring the effect of time on the ability of the incubated preparation to 
remove B(a)P from solution it can be established whether the removal of 
B(a)P from solution is dependent on cytochrome P450. In fact over the 4 
hour incubation the cytochrome P450 level dropped to 16% of the initial 
concentration. The uptake data over the incubation period is shown in Fig. 
5.11 and Table 5.12. Denaturation of cytochrome P450 clearly had no effect 
on the ability of the yeast cytochrome P450-containing preparation to take 
up B(a)P from solution. Vithin the experimental scatter the uptake of B(a)P 
is constant, hence it will be difficult to assess the contribution of 
cytochrome P450 concentration to the uptake of B(a)P from solution. 
Cytochrome P450 at t=a was measured at 2 nmoles/ml and at t=4 hours at 
0.32 nmoles/ml.
5.3.8 LIMITS OF REPRODUCIBILITY OF THE ANALYTICAL METHOD
Figs 5.12 and 5.13 show the amount of B(a)P taken up onto the 
cytochrome P450 and the amount of B(a)P remaining in the supernatant. The
results give a clear indication as to the B(a)P concentration range in 
which the experimental work will give reproducible results. Above 
12/ig/mnale P450 the results appear to be susceptible to unacceptable 
scatter. From this experiment we can conclude that reproducible results are 
obtained when the solution tested contains less than 12/ig B(a)P per nmole 
cytochrome P450.
5.3.9 MATHEMATICAL MODEL DESCRIBING THE AFFINITY UPTAKE OF 
B(a)P BY ALGINATE IMMOBILISED CYTOCHROME P450
5.3.9.1 EXPERIMENTAL UPTAKE OF B(a)P BY IMMOBILISED MICROSOMAL
CYTOCHROME P450
Two sets of experimental runs were carried out differing only in the 
concentration of cytochrome P450 in the alginate gel. The first set of 
results (Fig. 5.16, data in Table 5.14) refers to gel containing 1.04 
nmoles/ml and the second set (Fig. 5,15; data in Table 5.13) refers to gel 
containing 0.25nmoles/ml. Each data point on the two figures represents the 
mean of six results. The error bars show the standard deviation of the 
mean. The principal source of inconsistency in the results comes from the 
analytical method which involves a hexane extraction and fluorimetric 
measurement of the B(a)P concentration.
The most critical period of each uptake experiment is the first 10 
minutes of the run where the greatest changes in B(a)P concentration occur. 
The concentration of B(a)P in the bulk solution after 60 minutes was taken 
as the equilibrium concentration and used to calculate the fractional uptake 
as described previously.
5.3.95 MATHEMATICAL MODEL OF B(a)P UPTAKE BY
IMMOBILISED MICROSOMAL CYTOCHROME P450
The analysis as described in 5.1.3 was applied to the uptake of B(a)P by 
immobilised microsomal cytochrome P450. This analysis was taken from the 
equations presented by Graves & Vu (1979) which described a diffusion 
reaction model for an affinity ligand system. The equations for diffusion
reaction of a solute into a sphere were used. The equations assume a well 
stirred system with negligible external mass transfer resistance.
Theoretical uptake curves were generated using the FORTRAN program listed 
in Fig. 5.14. The simple programme was designed to output theoretical values 
of mean fractional uptake and time using input values of ligand 
concentration, partition coefficient, particle size and solute diffusivities. 
The. value of the diffusivity of B(a)P in alginate gels was taken from the 
measurements made in 4.3.3.4. Similarly the partition coefficient of B(a)P 
between alginate and water was taken from measurements made in 4.3.1.2. The 
binding constant between B(a)P and cytochrome P450 was taken from the work 
presented in 2.3.1.1. The model involves the assumption that diffusion 
effects due to external film resistance are negligible. This assumption was 
examined in 4.3.2.2 and found to be satisfactory. When the experimental 
points are overlaid on the theoretical uptake curve the agreement between 
the model and the observed data is apparent. This agreement was tested 
using the University’s MINITAB statistical package and found to give the 
fallowing correlations (Fig. 5.17):
0.25 nmoles/ml gel experiments: ACTUAL= 0,962fTHEORETICAL
1.04 nmoles/ml gel experiments: ACTUAL= 0.96 If THEORETICAL
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The hexane extraction method for monitoring B(a)P uptake was developed 
from the method of lebert & Gelboin (1968) far the assay of B(a)P 
hydroxylase activity. The uptake of B(a)P from an aqueous system into an 
organic phase is usually rapid and fluorescence provides a quantitative tool 
for measurement of the B(a)P extract. To ensure the B(a)F was fully 
extracted into the hexane phase it was found that the tube should be left 
on a rotary mixer far at least 30 minutes. The presence of the stable 
emulsion that was observed in early experiments was not reported in 
previous publications using hexane to extract B(a)P from aqueous solutions. 
This emulsion was extremely persistent and only dispersed in the presence 
of amyl alcohol. Overall the extraction method developed here results in a 
’clean * non-particulate organic phase which can be directly examined by 
fluorescence.
The solubility of B(a)P in aqueous solutions is a matter of some 
debate. Values given in Neff (1979) vary from 6.05pg/litre to 0.17pg/litre. 
Interestingly the lower level is from the most recent paper where more 
advanced instrumentation was available for the detection of such trace 
levels of B(a)P, The measurement of solubility attempted in this study 
shows that B(a)P has a solubility as high as 260 /ig/1. There are a number 
of explanations why this high value may have been attained. Most 
importantly the B(a)P is added to the water by the addition of small 
volumes of a stock solution made up in DMF. Therefore up to 20pl DMF are 
added to 1ml aqueous sample. The addition of these low levels of solvent 
will perturb the dielectric properties of the aqueous system and favour the 
solution of hydrophobic compounds such as B(a)P. It is most likely that 
this is the predominant cause of the observed solubility levels. Likewise if 
the glassware was contaminated with small amounts of detergent left over 
from the glass washing then this would solubilise the hydrophobic B(a)P.
The glassware was washed with fresh distilled water prior to the 
experiments but this raises the question of contamination of the distilled 
water container with any possible microbial contamination. The presence of 
such contamination would encourage solubilisation of B(a)P. Certainly the 
B(a)P solubility values in the literature are in some conflict with the
claimed concentrations of B<a)P used in experimental work on cytochrome 
P450 B(a)P hydroxylase. Concentrations of B(a)P used vary from 190/im 
(Azari & Wiseman, 1982c) to 2pM used by Dehnen et al (1973). A number of 
authors report using B(a)P in concentrations within this range. From the 
findings of this study it is unlikely that the B(a)P is in true solution as 
the solubility of B(a)P was found to be in the order of O.lpM with other 
authors measuring it at as low as 0.000068 /iM. The most likely explanation 
for the enhanced solubilities observed by these workers is due to protein 
or lipid present as part of the cytochrome P450 hydroxylase system. Lipid 
would readily absorb the hydrophobic B(a)P whilst hydrophobic areas of 
protein molecules would bind the B(a)P. The validity of the kinetic 
parameters determined by these workers must be in doubt as the B(a)P was 
never in true solution and hence the substrate ’concentration* cannot be 
accurately known.
The effect of the detergent Tween 80 on B(a)P solubility was clearly 
demonstrated. The concentration of B(a)P in solution was proportional to 
the amount of B(a)P added to the sample and levels of 1.4 pg/ml were 
obtained compared to levels of 0.2/ig/ml when Tween 80 was omitted. This 
finding is in agreement with work reported in Neff (1981) where a number 
of workers reported the solubilising effect of organics on B(a)P due to the 
formation of B(a)P micelles. Although Tween 80 solution could support high 
concentrations of B(a)P it was decided to use B(a)P within the solubility 
limits established in the aqueous systems. If the B(a)P was in a micellar 
form in the Tween 80 solution the effect on partition coefficient and 
diffusivities could not be predicted and hence this work would have to be 
repeated. However for the preliminary work on the uptake of B(a)P by yeast 
cytochrome P450 preparation,where gross effects were being observed, Tween 
80 was a useful tool. The preliminary work on the uptake of B(a)P from 
solution by the yeast cytochrome P450 preparation was done in the presence 
of Tween 80 to ensure that high concentrations of B(a)P could be obtained. 
The concentration of B(a)P was not taken above 2.0/ig/ml since that value is 
approximately 10 times the aqueous solubility. The observed uptake of B(a)P 
was not observed to plateau suggesting that the cytochrome P450 
preparation was not approaching saturation. This data enabled the 
subsequent affinity kinetic work to be carried out well within the limits of
saturation of the cytochrome P450. In each case ~ 50% of the B(a)P has been 
taken up from solution. It was unclear as to whether the cytochrome P450 
was responsible for the uptake or if B(a)P was generally binding to lipid 
and protein present in the microsomes. This question was addressed in two 
separate experiments.
The first experiment involved denaturation of a cytochrome P450-rich 
yeast preparation by boiling for 20 minutes. Uptake of B(a)P was measured 
against denatured cytochrome P450 concentration and seen to give an 
interesting result compared to the live enzyme experiment. The denatured 
enzyme preparation showed greater uptake capacity than the live enzyme 
preparation. For the same enzyme concentration the denatured enzyme 
absorbed almost twice that taken up by the live enzyme preparation. However 
a feature of the live enzyme preparation was that saturation of the 
preparation was not apparent whereas with the denatured enzyme preparation 
the addition of further enzyme did not result in more uptake of the B(a)P. 
The conclusions from this experiment are clear: the B(a)P is absorbed by 
non-specific effects and the absorption seems to be independent of 
cytochrome P450 concentration. The non-specific absorbants are likely to be 
hydrophobic components of the microsomal fraction. The observation that the 
uptake was greater in the case of the denatured sample may be explained by 
the effect boiling the preparation would have on the components.
Cytochrome P450 from yeast has been shown to be heat labile with a 
half-life of ~ 90 minutes at 37°C (Chap. 2). The advantage of the 
experiment in which the uptake of B(a)P was measured against the incubation 
time at 37°C is that the effect on other components of the preparation such 
as lipid and protein would be minimal yet the effect on cytochrome P450 
concentration would be marked. At the end of the 4-hour incubation the 
cytochrome P450 levels were only ~15% of start but the uptake of B(a)P was 
unimpaired. This data confirmed that B(a)P was mainly absorbed by non­
specific effects and most importantly demonstrated that the binding due to 
cytochrome P450 protein would be very difficult to distinguish from the 
background non-specific binding using the existing fluorescence/extraction 
methodology.
The fundamental question as to whether the cytochrome F450 related 
uptake of B(a)P is a phenomenon due to chemical partition between the 
hydrophilic Tris buffer and hydrophobic moieties of the cytochrome P450 
preparation was answered in the attempt to obtain an absorption curve of 
the uptake. Vithin the limits that the data appears to be consistent (up to 
12pg/nmole P450) the amount of B(a)P taken up has risen in line with the 
amount of B(a>P added to the system. However the amount of B(a)P not taken 
up has remained of the same basal level regardless of the amount of B(a>P • 
added. If the uptake was explained simply by a partition effect then the 
amount of B(a)P not taken up would be expected to rise linearly with the 
amount of B(a>P added to the system. The use therefore of an affinity 
derived model is valid in attempting to describe the uptake of B(a)P by 
immobilised cytochrome P450. The unsatisfactory consistency of the results 
when more than 12pg B(a>P/nmole P450 were used, identified the 
concentration region where future affinity experiments should be carried 
out. The level of 12 pg B(a)P/nmole P450 represents approximately 34 nmoles 
B(a)P per nmole P450. This indicates that the B(a)P take-up is not related - 
to enzyme activity, and B(a)P is being absorbed on several components of 
t:he microsomal preparation. The absorption is not necessarily non-specific, 
however, and could occur on cytochrome P-450 inactivated during the 
production of the microsomal preparation, as well the residual active 
enzyme. For example, the 34 nM B(a)P/nM cytochrome P-450 could represent 
uptake by cytochrome P-450 , 85% of which is inactive. Further detailed 
investigation is therefore required to establish the degree of take-up which 
is specific, as opposed to non-specific uptake by other components of the 
microsomal preparation.
The results shown previously demonstrate that a successful method has 
been developed for the immobilisation of microsomal cytochrome P450 for * 
yeast. A simple procedure for monitoring the uptake of B(a)P from solution 
by the immobilised cytochrome P450 has proved effective. The data generated 
by this simple hexane extraction has been successfully modelled using 
fundamental parameters such as diffusion and partition coefficients 
measured in a previous section. The work has therefore provided a good base 
far further development work on an immobilised cytochrome P450 reactor. 
Having demonstrated that the alginate support can take up B(a)P the next 
step in this study should be the detailed analysis of the performance in a 
packed bed reactor. Due to the large diameter of the beads (3mm) a large 
diameter column would be required to prevent channelling and edge effects 
which would disrupt the performance of the column.
There are several important practical issues to be addressed before the 
application of an immobilised cytochrome P450 reactor for the large scale 
removal of the carcinogen B(a)P can be considered. The stability of the 
enzyme at ambient temperatures is poor and has been discussed in depth in 
Section 2.
The mechanical stability of the alginate support has been investigated 
by Cheetham <1979) who showed that the gel could support good flow rates 
in a column configuration before bed compression and pressure drop became 
a problem. The alginate support is however susceptible to chelating agents 
such as EDTA which compete for the calcium ions. The divalant calcium ions 
act as a bridge between adjacent polysaccharide chains within the alginate 
and are thus responsible for the semi-rigid gel formed. Chelating agents 
such as EDTA would rapidly destroy the gel by removing this calcium. Other 
agents such as phosphates can complex with the calcium and produce the 
same effect. The application of calcium alginate gel for the treatment of 
wastewater, for example, must be considered carefully unless the nature and 
composition of the wastewater is well defined. Unless the application of an 
immobilised cytochrome P450 support was directed towards a very high value 
product (in which case support costs may be negligible) the question of 
regeneration of the support following an absorption cycle would have to be 
addressed. Host support regeneration methods would aim to disrupt both m 
hydrophobic and ionic interactions between the support and the unwashed 
bound material. By nature these methods are aggressive as frequently they 
rely on concentrated acid/alkali washes which would certainly denature the 
cytochrome P450. A more specific method for the regeneration would have to 
be developed such as dosing the support with a cytochrome P450 substrate 
that would compete for the 6ame binding site as B(a)P.
Vhilst the alginate immobilised cytochrome P450 would certainly absorb 
B(a)P from a process stream, the support would unfortunately release low 
molecular weight components of the microsomal preparation used in the 
immobilisation procedure. Further work would be required to assess whether 
these low molecular weight components could be washed out of the support 
before its use without ad vers ly affecting the activity of the support.
Ligand Support Authors
Corticotropin 
release factor
Anti CRF - Affigel Ling et al (1984)
Lipoprotein
particles
Anti- HDL- CFBr- Sephar ose Cheung & Albers (1984)
Cytochrome P450 Monoclonal-AB-CEFBr-Sepharose Cheng et al (1984)
a-Interferon Monoclonal AB - Sepharase Vatis et al (1984)
Interferon Monoclonal AB - Affigel Staehelin et al (1981)
Platelets Monoclonal AB - membrane 
glycoprotein - CJTBr 
Sepharose 4J3
Mcever & Martin 
(1984)
Polio virus Anti Viral protein - 
Sepharose
Marel et al (1979)
Table 5,1
Applications of Immune-Affinity to Separations
Time (minutes) Absorbance 261 nm
0
1
3
5
7
9
14
18
22
25
30
35
35
1.3 
1.16 
1.1
1.04 
0.97 
0.96 
0.85 
0.80 
0.77 
0.75 
0.74 
0.74 
0.74
Table 5.2
Bia)P Uptake Using Alginate Gel Pellets Only
Time (minutes) Absorbance 261 nm
1 1.01
3 1.12
5 1.15
7 1.24
9 1.27
14 1.42
18 1.56
22 1.65
25 1.76
30 1.90
35 2.02
48 2.40
Table 5.3
B(a)P Uptake VIth Immobilised Enzyme at 37°C 
Followed using the absorbance at 261 nm
Time (minutes) Absorbance 261 nm
0
1
3
5
7
9
14
18
22
25
30
40
0.16
0.32
0.48
0.57
0.69
0.77
1.06
1.12
1.32
1.48
1.60
1.84
Table 5,4
B(a)P Uptake - Gel + Enzyme in the Absence of B(a)P at 37°C
Showing the release of a UV absorbing species from 
the immobilised enzyme
Time (minutes) Absorbance 261 nm
0 1.28
3 1.26
8 1.25
10 1.27
15 1.32
22 1.33
26 1.35
32 1.45
35 1.45
Table 5.5
B(a)P Uptake With Denatured Enzyme - go B(a)P at 37°C
Showing the release of a UV absorbing species from the 
immobilised enzyme preparation
Fluorescence (Ex 365 Em 406) pi BaP pg/ml B (a
3.9 0 0
-0.1 0
2.9 0
20.9 1 0.1
44.9 1 0.1
22.9 1 0.1
80.9 3 0.3
70.9 3 0.3
68.9 3 0.3
139.9 5 0.5
173.9 5 0.5
177.9 5 0.5
253.9 8 0.8
230.9 8 0.8
246.9 8 0.8
234.9 10 1.0
305.9 10 1.0
334.9 10 1.0
379.9 14 1.4
379.9 14 1.4
383.9 14 1.4
460.9 20 2.0
560.9 20 2.0
593.9 20 2.0
756.9' 30 3.0
833.9 30 3.0
522.9 30 3.0
1321.9 40 4.0
1250.9 40 4.0
1106.9 40 4.0
Table 5.6
Standard Curve .of B (a )P Aqueous Concentrat ion Versus 
Eluorescence.(365 Ex_406 Em) of Hexane Extract
Concentration 
of B(a)P 
pi stock/ml
Fluorescence Supernatant B(a)P 
pg/ml
[B(a)P3 
pH
Sediment Supernatant
2 223 136 0.238 0.944
V 2 239 146 0.255 1.012
4 627 137 0.239 0.948
A 4 475 165 0.288 1.143
6 610 209 0.365 1.52
T 6 250 191 0.334 1.33
8 650 128 0.224 0.888
E 8 644 150 0.263 1.043
10 1200 135 0.236 0.436
R 10 1200 129 0.225 0.893
mean water solubility 
= 1.0657pM 
o'"-1 0.208
2 350 102 0.178 0.706
T 2 200 99 0.173 0.686
4 450 79 0.138 0.547
R 4 460 158 0.276 1. 091
6 550 148 0.259 1.027
I 6 700 152 0.266 1.055
8 1200 192 0.336 1.337
S 8 1000 152 0.266 1.055
Kean Tris solubility 
= 0.938 
o'"-1 0.264
Table 5.7
Solubility of B_(a>P in Water and Tris Buffer at 37°C
pi stock B(a)P* 
per ml
Fluorescence (Ex 365 Em 406) 
Sediment Supernatant
pg/ml 
in Supernatant
0 15.3 36 Blank
2 27.9 153 0.409
4 46.3 186 0.525
6 38.1 250 0.750
8 71.9 375 1.186
10 46.9 445 1.433
pg in sediment pg in Supernatant pg added % recovered
0.022 0.409 0.4 105
0.054 0.525 0.8 72
0.040 0.750 1.2 66
0.099 1.186 1.6 80
0.055 1.432 2.0 75
Table 5.8
The Effect of 0.52 TVEEff 80 on B(a)P Solubility at 37*C
* Stock B(a)P solution was 0.2 mg/ml in DMF
Coaposition of Tube F 350/406 n aoles pg Holes BaP
fils Sediment Supernatant P450 B(a)P taken up /sole P450
Buffer Enzyne
1 0 22,2 743 0.0 0,0388 0
1 0 17 697 0.0 0,0297 0
1 0 17 612 0.0 0,0237 0
0.8 0.2 108 540 0.4 0,189 1,89
0.8 0.2 104 584 0.4 0,182 1,82
0.8 0.2 106 594 0.4 0,1855 1,85
0.6 0.4 178 374 0.8 0.312 1,56
0.6 0.4 164 436 0.8 0,287 1.43
0.6 0.4 163 494 0.8 0,285 1,43
0.4 0.6 173 382 1.2 0,303 1,01
0.4 0.6 176 300 1.2 0,308 1,02
0.4 0.6 158 342 1.2 0,276 0,92
0.2 0.8 195 307 1.6 0,341 0,763
0.2 0.8 278 339 1.6 0,487 1,217
0 1 259 269 2 0,453 0,910
0 1 304 235 2 0,532 1,06
0 1 343 235 2 0,600 1.2
IabIe..5,S,
The Uptake af B(a)P by a Cytochrome P450-rich Yeast Preparation at 37°C
Coaposition B(a)P F350/406
of tube mis stock
added (pi)
n aoles 
P450
pg B(a)P Holes B(a>P
take up /nole P450
Buffer Enzyne Sediment Supernatant
0 1 2,0 574 425 2,08 1,01 1,
0 1 2,0 415 473 2,08 0,72 1.
0 1 2.0 479 413 . 2,08 0,84 1,
0 1 1,5 393 370 2,08 0,68 1.
0 1 1.5 523 413 2,08 0,92 1,
0 1 1,5 366 365 2,08 0,61 1,
0 1 1,0 286 271 2,08 0,5 1,
0 1 1,0 298 225 2,08 0,52 1,
0 1 1.0 264 206 2,08 0,46 0,
0 1 0.7 132 194 2,08 0,23 0,
0 1 0,7 179 204 2,08 0,32 0,
0 1 0.7 224 187 2,08 0,39 0,
0 1 0,4 99 109 2,08 0,17 0,
0 1 0,4 96 130 2,08 0,168 0,
0 1 0,4 76 115 2,08 0,13 0,
0 1 0,2 30 66 2,08 0,05 0,
0 1 0.2 S3 60 2,08 0,09 0,
0 1 0,2 34 56 2,08 0,06 0,
lable 5.10
The Uptake of_BIaiP._hy a .Cy.tQchr.one P450-rich Yeast Preparation at 37°C
x g j 5 x jQ-3 x q )^ = pg taken up 
(pg taken up y (2S2 x 2,08 x 10“9) = aoles B(a)P/«ole P450
48
42
67
36
83
28
00
04
92
46
64
78
35
34
27
10
18
12
Composition of tube Fluorescence of Denatured ugB(a)P aoles B(a)P
mis Hexane Extract P450 taken up /aole P450
n aoles total
Buffer Enzyme Sediment Supernatant
1 0 77,2 626 0 0,135 -
1 0 97.5 653 0 0,171 -
0,8 0,2 263,5 513 0,4 0,461 4.57
0.8 0.2 288,5 472 0.4 0,504 4,98
0,6 0,4 401 495 0.8 0,702 3,48
0.6 0,4 506 527 0,8 0,881 4,39
0,4 0.6 625 590 1.2 1,094 3,62
0.4 0.6 505 634 1,2 0,88 2,91
0,20 0,8 640 312 1,6 1,12 2,78
0,2 0.8 564 312 1.6 0,99 2,5
0,0 1,0 599 339 2,0 1,05 2,08
0,0 1.0 565 358 2.0 0,988 1.96
Table 5,11 
The Effect of ..Denatured Cy,t Qcbrome-PlS (brlcfr Yeast Preparation, on Uptake of
B(a)P at 37°C
Time (hours)
0.0
0.0
0.5
0.5
1.0
1.0
1.5
1.5 
2.0 
2.0
2.5
2.5
3.0
3.0
4.0
4.0
/ig B(a)P sedimented 
with 2.08 nmoles P450
0.0173 
0.0172 
0.0166 
0.0135 
0. 0212 
0.0163 
0.0142 
0.0141 
0.0156 
0.0187 
0.0150 
0.0196 
0.0178 
0.0179 
0.0175 
0.0173
Table 5.12
The Effect of Cytochrome P450Concentration on B(a)P Uptake at 37°C
TIME
MIEUTES
EUMBER OF
BATA POUTS
MEAE FRACTIDEAL STAEBARD THEORETICAL
UPTAKE BEVIATIOE UPTAKE
0 6 0.0 0.0 0.0
2 6 0.656 0.108 0.57
4 6 0.72 0.023 0.73
6 6 0.82 0.044 0.83
10 6 0.83 0.036 0.93
15 6 0.85 0.042 0.97
25 6 0.965 0.028 0.99
35 6 0.89 0.044 0.99
45 6 0.985 0.019 0.99
60 6 1.016 0.04 0.99
Table 5.13
B(a)P Affinity Uptake Bata Showing Means and Standard Pevlation 
3% Alginate Gel Containing Q,25 nmoles P45Q/ml .Gel
TIKE
MIEUTES
EUMBER OF
DATA POIETS
MEAE FRACTIOEAL 
UPTAKE
STAEDARD THEORETICAL
DEVIATIOE UPTAKE
0 6 0.0 0.0 0.0
2 6 0.4074 0.066 0.57
4 6 0.673 0.0625 0.73
6 6 0.86 0.073 0.83
10 6 0.963 0.113 0.93
15 6 0.95 0.101 0.97
25 6 0.93 0.047 0.99
35 6 0.94 0.034 0.99
45 6 0.91 0.013 0.99
60 6 0.99 0.02 0.99
Table 5.14
B(a)P Affinity Uptake Data Showing Means and Standard Deviations
% Alginate ..Gel..Containing 1.04 nmoles .P45Q/al Gel
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Fig.-SJL... 
Monitoring the Removal of B'(a)P From Solution by Diffusion ..Into the Alginate
Support at 37° C
This curve, as expected, follows the classical diffusion curve.
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Monitoring the Removal of E(a)P Using an Alginate_ImmQbilised-«icrQSQmal 
Cytochrome P45Q Preparation by Measuring the Absorbance at..261nm <;37°C1
The absorbance value was expected to drop over the experiment as the B(a)P 
concentration decreased. The observed increase in absorbance indicates that a 
component is leaching from the support and interfering with the measurement at 
261nm.
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Fig,. 5,3
Time Course Showing the Release .of. the Component of the. Immobilised Microsomal 
Cytochrome P450 into Solution Vhich Absorbs _at. 261nm and Interferes with the
Direct Measurement ..of. B (a)F Concentration
25
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Fig,.5,4
Monitoring the Removal of B(a)P Using an Alginate Immobilised Denatured 
Microsomal P450_Preparation by Measuring the Absorbance at 261nm and 37_°C
The absorbance value was expected to drop over the experiment as the B(a)P 
concentration decreased. The observed increase in absorbance indicates that a 
component is leaching from the support and interfering with the measurement at 
261nm.
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Standard Curve to Validate the Measurement of B(a)P Concentration in Water by 
Extracting into Hexane and Subsequent Fluorimetric Analysis
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Fig, 5,6
Comparison of the Solubility of B(a)P at 37c,C in,Water and in Q.lK.Trls._pH..7-. 
Analyses were carried out using the hexane extraction method.
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The Effect of the Surfactant Tween 80 (0.57,) on .the Solubility of B(a)P in VateE
at._37c‘C
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Fig. 5.8 
?he.jteaoral of„B(a>P. Irani.Solution, at .37°C-by-J;he-Addition .of a. .Microsomal 
P45Q Solution and Subsequent Centrifugation to Sediment the Microsomal. -Material 
and .Bound B(a)P
In this experiment the concentration of B(a>P was kept constant at 
2 x 10~3mg/ml
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Eig, .5.,9
The Removal of B(a>P From Solution at 3?°C by the Addition of a Microsomal 
RA5Q_Sqlution and Subsequent Centrifugation to Sediment the Microsomal Material
and Bound B(a)P
In this experiment the concentration of P450 was kept constant at 2.08 
nmoles/ml.
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The Removal of B(a)P From Solution at 37°C by the Addition of a Denatured 
Microsomal P45Q Solution and Subsequent Centrifugation to Sediment the
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Fig. 5.11
The Effect of Soluble Microsomal P450 Concentration on the Uptake of B(a)P
SQlution
In this case the P450 concentration was varied by denaturing the P450 over a 
period of 4 hours at 37°C. At t=0 the P450 concentration was measured at 2 
nmoles/ml whilst at 4 hours the P450 concentration was 0.32nmoles/ml. Aliquots 
of the microsomal cytochrome P450 solution were then tested for their ability 
to bind B(a)P.
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Fig, 5.12
The Experimental Reproducibility of the Analysis of B(a)P Removal by a 
Microsomal P45Q Solution Containing 2 nmoles/ml at 37°C
The results indicate that the method gives high scatter beyond 12jig/nmole P450. 
This Figure shows the quantity of B(a)P sedimented.
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Fig, 5.13
The Experimental Reproducibility of the Analysis of B(a)P Removal by a 
Microsomal P450 Solution Containing 2 nmoles/ml at 37°C
The results indicate that the method gives high scatter beyond 12/ig/nmole P450. 
This Figure shows the quantity of B(a)P not sedimented.
X pg B(a)P added to 2 nmoles P450 
Y pg B(a)P not taken up
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o
o Equations Taken From Advances in Biochemical Engineering 
Graves & Vu <1979)
HO EXTERNAL FILM RESISTAHCE ASSUMED
BK= ASSOCIATIOH COEFFICIEHT BETVEEH P450 AHD B(a>P 
T= DIMEHSIOHLESS TIME 
Ti= REAL TIME (SECOHDS)
D= DIFFUSIOH COEFFICIEHT 
BEAD RADIUS = 0.0015 metres 
CO = LIGAHD COHCEHTRATIOH
IHPUT VARIABLES 
READ (5,*) BK, CO 
DO 600 J=l,60 
C IHPUT DIFFUSIOH COEFFICIEHT
D= 8.0 e -10 
C IHPUT REAL TIME + IHCREMEHT
Ti= Ti+60
C EVALUATE DIMEHSIOHLESS TIME
T=D*Ti/(0.0015*0. 0015)
C EVALUATE EK: EK=CO/BK
EK=CO/270e-6 
C TEST IF COHDITIOH IS MET
X=T/(1+EK)
IF<X .GT. 0.1) GO TO 300 
C IF COHDITIOH HOT MET THEH CALCULATE UPTAKE RATIO
UP= <(6.0/1.7724)*SQRT(X))-(3.0*X)
GO TO 500
C CALCULATE USIHG THE COHDITIOH .GT. 0.1
300 G=-9.869604
A= EXP(G*X)
B= 0.25*EXP(4.0*G*X))
C= 0.Ill*(EXP(9.08*G*X))
UP=1.0-((A+B+C)*6.0/9.869604)
C CORRECT TIME TO MIHUTES FOR PRIHTIHG
500 TE=Ti/60
C PRIHT
VRITE (6,200) Ti, UP 
200 FORMAT(1H ,3F10.5)
600 COHTIHUE
STOP 
EHD
I HEAI OF 6 DATA FOISTS
THEORETICAL UPTAKE CURVE GEIERATED BY THE 4FFHITY UPTAKE MODEL
MEAX FRACTIOIAL 
UPTAKE
0*5-
6020
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E1&J-5J.5,
The_Remcival of B(a)P by Alginate Immobilised Microsomal Cytochrome P45Q at
3.7 °C
The alginate beads were prepared to give 0.25nmoles P450 per ml of alginate 
gel. The solid line is drawn from the theoretical uptake curve generated by the 
affinity uptake model described in this chapter.
The error bars represent the standard deviation of the mean of 6 data points.
THEORETICAL UPTAKE CURVE GEIERATED BY THE AFFHITY UPTAKE MODEL
XEAV FRACTIONAL 
UPTAKE
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Elg.,5.16
The .Removal Qf B(a)P by Alginate Immobilised Microsomal Cytochrome P450 at
22-Ql
The alginate beads were prepared to give 1.04 nmoles P450 per ml of alginate 
gel. The solid line is drawn from the theoretical uptake curve generated by the 
affinity uptake model described in this chapter.
The error bars represent the standard deviation of the mean of 6 data points.
<u
flj+»Cl.3
T><U
4->O
-H
X3<D
k 0.75
0-5-
0.25 0*5 0.75
experimentally observed uptake
£lg,i_5A7
Flot Demonstrating the Agreement Between Experimentally Measured Uptake -Vflluaa
and Those Predicted by _tbe ■Affinity Uptake Mmodel 
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» Experimental value from uptake experiment performed at 0.25 
nmoles microsomal P450/ml of gel.
• Experimental value from uptake experiment performed at 1.04 
nmoles microsomal F450/ml of gel.
O  C O N C L U S X  O N S
6.1.1 The available methods for enzyme separation were reviewed and 
assessed for their suitability for producing a microsomal preparation of a 
yeast intracellular enzyme. For the intended purpose of the project, a target 
concentration of lnX cytochrome P450/ml microsomal preparation was established 
(about 55mg/l>.
6.1.2 The immediate problem to be dealt with was that the standard 
separation procedure developed for the shake-flask scale of operation required 
sedimentation of the microsomes by centrifuging for one hour at lOOOOOxg. Even 
at 5-litre fermentation scale this separation procedure was inappropriate due to 
the time of processing. On larger scale fermentations the existing method for 
microsomal recovery would be impossible to follow. Clearly a procedure requiring 
less extreme sedimentation conditions had to be developed, and prior 
agglomeration of the microsomal suspension was the obvious answer.
6.1.2.1. Three agglomeration methods were tested - a two-phase low HV PEG- 
phosphate system, ammonium sulphate precipitation, and precipitation with high- 
KV PEG. The partition test gave inconclusive results, and the use of phosphate 
was incompatible with the most promising immobilisation method, encapsulation 
in calcium alginate. Ammonium sulphate precipitation gave poor enzyme recovery, 
which was attributed to denaturation by the ammonium sulphate.
6.1.2.2 A preliminary test of precipitation with high-KV PEG gave 90% enzyme 
recovery using a PEG concentration of only 6% and centrifugation at 2300xg for 
20 minutes. This method was investigated further by centrifuging for 5 minutes 
while varying the PEG concentration and centrifuge speeds. The results showed 
that PEG effectively replaces relative centrifugal acceleration in achieving a 
given level of enzyme recovery.
6.1.2.3. A semi-empirical mathematical model of enzyme recovery was developed 
based on.* a) the size distribution of agglomerates formed in PEG precipitation, 
and b) the proportion of agglomerates sedimented by a given centrifugation 
procedure. The effect of PEG is consistent with its increasing the mean 
effective diameter of microsomal agglomerates in proportion to PEG
concentration to an exponent of 0.619, and with its increasing the spread of the 
agglomerate size distribution approximately in proportion to the mean effective 
agglomerate diameter.
6.1.3 Precipitation with high-KV PEG was adopted as a successful method of
separating a high-concentration, low-purity microsomal enzyme preparation.
6.2.1 The carcinogenic effects of polycyclic aromatic hydrocarbons in 
general, and of B(a)P in particular, were reviewed.
6.2.1.1 Microsomal yeast cytochrome P450 appeared to provide a means of 
removing B(a)P form aqueous systems by selective or non-selective absorption of 
by enzyme-catalysed reaction. This was assessed by studying the binding spectra 
of B(a)P to the microsomal cytochrome P450 preparation. The binding spectra 
indicated that B(a>P binds to the active site of cytochrome P450 with the 
dissociation coefficient determined as 270/jM. This is about 5 times higher than 
previously reported values and this was attributed to the low purity of the 
microsomal cytochrome P450 preparation. High MV PEG was found not to interfere 
with the binding of B(a)P to the active site of cytochrome P450.
6.2.2 Methods of assaying B(a)P and expected metabolites of the catalytic 
action of cytochrome P450 on B(a>P were tested. The essential problems are that 
the substances involved are hazardous and have very low solubilities. B<a)P and 
its metabolites fluoresce at characteristic wavelengths, but the pattern of 
metabolite production has not been firmly established. The method adopted in 
general gave erratic results with the system, but was unaffected by the 
presence of PEG.
6.2.3 The usual co-substrate for the B(a)P cytochrome P450 interaction is 
molecular oxygen, with FADP as the co-factor. As this is expensive an 
alternative oxygen source, cumene hydroperoxide, was found to be effective, with 
the advantage of being 100,000 times cheaper. Cumene hydroperoxide is well 
known for its enzyme inactivation effect. A concentration of 0.036% at 37°C was 
found to reduce the half-life of cytochrome P450 to between 5 and 10 minutes. 
Cumene hydroperoxide was found not to interfere with the PAH fluorescence 
assay.
6.2.4.1 The stability of microsomal cytochrome P450 was studied, and the 
preparation was found to retain its activity satisfactorily when stored at - 
80°C but not at -12°C.
6.2.4.2 The half-life of cytochrome P450 was determined at three 
temperatures. The half-life at 37°C was 66 minutes. An Arrhenius plot gave the 
activation energy of enzyme degradation as 33.56 kJ/mole.
6.2.4.3 The enzyme half-life was not significantly affected by the presence 
of PEG, although there had been preliminary indications that PEG had a 
stabilising effect on the preparation.
6.2.4.4 Concentrations of calcium chloride up to 0.5M and eight-fold dilution 
of the microsomal preparation were found to have no effect of the stability of 
cytochrome P450 in the microsomal preparation. This indicated that the enzyme 
preparation would be unaffected by entrapment in calcium alginate.
6.2.4.5 The low stability of the enzyme in the presence of the cheaper oxygen 
source and the unreliability of the assays for the metabolites, and not least, 
the fact that one of the products of B<a>P hydroxylase activity is more 
strongly carcinogenic that the original B(a)P, led to the decision to 
discontinue the study of B(a>P hydroxylase activity in the microsomal 
preparation. Further work was aimed at evaluating the preparation for use as a 
system for the removal of polycyclic aromatic hydrocarbons by absorption.
6.3.1 Enzyme immobilisation techniques were reviewed and assessed for 
their suitability for use with the microsomal cytochrome P450 preparation. 
Detailed study was made of encapsulation in calcium alginate gel.
6.3.2 The structure of calcium alginate gels was examined using SEX. It was
concluded that the pores observed in the alginate structure allowed ample space 
far the diffusion of substates and co-factors to the entrapped enzyme 
preparation.
6.3.3 The distribution of entrapped enzyme preparation within alginate 
beads was examined, using TEM, x-ray microanalysis and optical microscopy.
Examination of slices of alginate stained with coomassie blue proved to be the 
most effective method of assessing the distribution of the encapsulated 
microsomal cytochrome P450 preparation within the gel, as well as the simplest, 
cheapest and most convenient. It was demonstrated that the stained section 
technique could yield a quantitative distribution profile for the microsomal 
cytochrome P450 preparation by scanning the stained sections with an optical 
densitometer.
6.4. The diffusivities of B(a)P and EADP were measured, since no values
were available in the literature. These values would be necessary for the 
eventual design of an immobilised enzyme reactor. Although the idea of using 
RADP in this project was abandoned, it is a commonly used co-factor and the 
diffusivity value is likely to be of use to other workers.
6.4.1 The Tanaka system for measuring diffusivity proved to the be most
practicable of the two systems tested. Diffusivity values were determined by 
fitting the solute depletion profile to Crank’s theoretical model. The values 
obtained at 37°C were:
B(a)P: 7.5 x 10~10 m2/s 
JfADP: 2.5 x 10-’° m*/s
6.4.2 Values calculated from fundamental molecular considerations were:
B<a)P: 5.1-5.5 x lO"10 m2/s
HADP: 3.4-3.9 x 10-’° m2/s
6.4.3 Results using the Tanaka method indicated that film resistance to 
B(a)P diffusion was negligible, implying that the system was well agitated. This 
in turn suggested that the extent of turbulence in the stirred vessel was 
indicated more closely by the Reynolds number based on the impeller 
characterisitcs than by that based on the alginate bead characteristics.
6.4.4 Vith BADP there was evidence of diffusion film resistance at the
start of each run, when the solute concentration was high, as the model over­
estimated the uptake of JTADP by the beads. In addition the alginate
demonstrated an affinity for EADP.
6.5. Removal of B(a)P using a microsomal cytochrome P450 preparation was
studied on the assumption that the mechanism was one of affinity absorption. 
Removal rates were evaluated by measuring the depletion of B(a>P from aqueous 
solutions in contact with the microsomal cytochrome P450 preparation. It was 
also found necessary to determine the solubility of B(a)P.
6.5.1 Direct UV spectrophotometry suffered interference from a UV- 
absorbing species leaking from the enzyme preparation. Fluorescence assay 
following hexane extraction was used to determine B(a)P instead.
6.5.2 The solubility of B(a>P in both water and Tris buffer was determined 
as between 0.26 and 0.35 mg/litre at 37°C, rather higher than expected. This was 
attributed to the traces of solubilising reagents. The apparent solubility of 
B(a)P was, not unexpectedly, markedly increased by the detergent Tween 80 and 
found to be above 1.4mg/litre.
6.5.3 The uptake of B(a)P by microsomal cytochrome P450 preparation was 
measured at 37°C, with a> B(a)P concentration held constant at 2mg/litre and 
varying amounts of microsomal cytochrome P450 preparation, b) a constant 
amount of enzyme preparation and B(a)P from 0-4mg/litre, and c) with a 
thoroughly denatured enzyme preparation.
Uptake of B(a)P by the denatured control indicated that B(a)P removal 
was by a mechanism not related to enzyme activity. ? This
was confirmed by measuring B(a)P uptake by the enzyme preparation as 
cytochrome P450 slowly denatured. Cytochrome P450 denaturation had no effect on 
B(a>P uptake. The reproducibility of the assay was checked and found to be 
limited by the amount of B(a)P present, relative to the amount of enzyme 
preparation present, but was satisfactory when the solution contained less than 
12g B(a)P per mX cytochrome P450 (12pg/nm).
Removal of B(a)P form solution by non-specific uptake by the enzyme preparation 
is not wholly disadvantageous, as the products of enzymic action on B(a>P are 
more carcinogenic than the original substrate.
6.5.4 Uptake of B(a)P by the microsomal enzyme preparation immobilised at 
two different concentrations in alginate beads was measured and compared with 
the theoretical model of Graves and Vu, describing a diffusion reaction model 
for an affinity ligand system. Fundamental values determined earlier in 
this work were used and the model gave a better than 96% correspondence 
between experimental results and the model tested.
L I S T  OIE? S Y i M D B O L S
a Bead diameter m
c Concentration X
Cl.<co Concentration of solute in solution at time = 0
Ci_<t,3 Concentration of salute in solution at time = t
Cl.<«d Concentration of solute in solution at equilibrium
Co Concentration of salute at time = 0
Cr Concentration of solute in pellet
Cl Concentration of solute at time = t
Di ,2 Diffusion coefficient of component 1 diffusing in component 2
m2/sec
D Diameter of impellar blade m
d Characteristic linear dimension in Reynolds equation m
E Enzyme concentration X
Eo Enzyme concentration at time = 0
El Enzyme concentration at time = t
EL Enzyme/ligand concentration
G PEG concentration %vr/v
K0 Intrinsic kinetic constant of deactivation min-1
Kt. Intrinsic kinetic constant of deactivation min-1
kd First order decay constant mol-1
ki Pseudo first order rate constant
k-i Pseudo first order reverse rate constant
Ki ,2 Partition coefficient of a component between phases 1 and 2
K« Dimensionless equilibrium constant
K-t First order constant min-1
Ko Spectral dissociation constant X
KP Catalytic rate constant min-1
Lo Ligand concentration in gel
LD Linear dimension m
L Ligand concentration K
Jft- Total amount of solute in support at equilibrium
H Rotational speed r/s
Kre Reynolds number
P Percentage enzyme recovery
Rso RCF giving 50% enzyme recovery
r Distance from bead centre m
S Substrate concentration
X
t time minutes
t Dimensionless time (chapter 4 only)
tj* Half-life
u Fluid velocity in Reynolds equation m s-1
v Instantaneous velocity mol/minute
Vmax Maximum velocity
a Volume of solution/(Ki ^  x bead volume)
p Viscosity of liquid Pa.s
p Density of liquid kg/m3
t  Tortuosity factor
8 Real time minutes
0h, Hastings approximation
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ABSTRACT
High recoveries o f  a microsomal enzym e, 
cytochrome P-450, were obtained with m in­
imal denaturation from  yeast disrupted by 
homogenization, using poly  (ethylene glycol). 
Precipitation with only a few  per cent o f  the 
non-ionic polym er enabled a high concentra­
tion low purity  enzym e preparation to be 
recovered using centrifugal accelerations o f  
only a few  thousand g. Poly (ethylene glycol) 
can be considered as effectively replacing 
centrifugal acceleration in achieving a given 
level o f  enzym e recovery, and a possible 
quantitative explanation using an elementary 
particle statistics approach is proposed. The 
effect o f  the polym er is fairly consistent 
with its increasing the mean effective diam­
eter o f  protein agglomerates in proportion  
to the polym er concentration to a power 
o f  0.619, and with its increasing the spread 
o f  the agglomerate size distribution approxi­
mately in proportion to the mean effective  
agglomerate diameter.
1. INTRODUCTION
Particular enzymes in eukaryotic cells 
are bound to an intracellular membrane 
known as the “endoplasmic reticulum” 
which provides a protective “micro-environ­
ment” for them. During cell disruption to  
effect the release o f intracellular enzymes, 
the endoplasmic reticulum is pinched off to 
form small vesicles. These vesicles are com­
monly known as “microsomes” or, after 
recovery by high speed centrifugation, as a 
“microsomal fraction”.
A microsome thus comprises a membrane 
fragment to which is bound a range o f en­
zymes and other proteins and is several 
orders o f magnitude larger than an individual 
enzyme molecule. For example, a micro­
somal preparation of the enzyme cytochrome 
P-450 of Saccharomyces cerevisiae (brewer’s 
yeast), which is the subject o f this study, 
contains about 0.1 - 0.2 wt.% of the enzyme. 
Bound to such a relatively large membrane 
fragment, a microsomal enzyme is still in a 
protective micro-environment. To be amena­
ble to most of the standard techniques for 
enzyme purification and concentration, how­
ever, an enzyme has to be in solution, so that 
a microsomal enzyme must be detached from 
its membrane fragment. This is carried out 
by “solubilization” with a surface-active 
agent such as sodium cholate. The removal /• 
of a microsomal enzyme from the membrane j' 
micro-environment renders it very much more * 
susceptible to denaturation, so that it is 
preferable to maintain it in the microsomal 
form until as late a stage in the purification 
process as possible. In laboratory-scale recov­
ery, this can also have the advantage that in 
centrifugation the intracellular location o f an 
enzyme can simplify a separation process by 
confining the enzyme to a particular fraction 
defined by the size and/or shape o f the 
organelle to which it is attached. Microsomes 
have a characteristic dimension typically 
less than 0.1 pm. so that although they are 
large compared with an individual enzyme 
molecule, their separation by sedimentation 
necessitates centrifugation at high speeds 
and/or for long periods o f time.
For example, the standard laboratory-scale 
procedure for separation of a microsomal
0300-9467/85/$3.30 © Elsevier Sequoia/Printed in The Netherlands
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fraction containing cytochrome P-450 from 
yeast-cell disruptate involves centrifugation 
for 1  h with a centrifugal acceleration (gen­
erally termed relative centrifugal force or 
RGF) of 100 000# [1].
The low volume capacity o f high speed 
centrifuges gives rise to a serious bottleneck 
in processing more than a few hundred milli­
litres o f cell disruptate.
A suitable method for agglomerating 
microsomal protein into larger particles that 
could be sedimented in low-speed high- 
capacity centrifuges was thus required for 
the large-scale recovery o f the microsomal 
enzyme.
Cytochrome P-450 enzymes are involved 
in many biosynthetic and metabolic reactions 
in the cells of animals, plants and micro­
organisms, and several of these are targets 
for inhibition by a number of agrochemical 
and chemotherapeutic substances [2]. Cyto­
chrome P-450 o f S. cereuisiae is o f particular 
interest in exhibiting hydroxylase activity, 
both in vivo and in vitro, towards such 
known carcinogens as benzo(a)pyrene. The 
enzyme is produced by particular strains o f  
brewer’s yeast when grown under conditions 
of glucose repression [3] with a specific en­
zyme yield, after careful optimization of 
yeast growth conditions [4 - 6 ] o f 126 nmol 
g-1 (dry weight) of yeast. Fermentation thus 
provides a potentially cheap and large-scale 
source o f microbial cytochrome P-450 for 
investigating these inhibition effects. Cyto­
chrome P-450 also has the advantage that it 
can be assayed directly in the intact yeast 
cell, using the spectrophotometric method 
ofO m uraefa/. [7].
In the present study, the enzyme was 
required in a concentrated form suitable 
for immobilization, so that its concentra­
tion was o f greater importance than its 
purity in this application.
2. PRELIMINARY WORK
Microsomal cytochrome P-450 from Can­
dida tropicalis has been successfully precip­
itated with calcium ions [8 ] and cytochrome 
P-450 has been precipitated from a micro­
somal preparation after solubilization with 
sodium cholate, using ammonium sulphate 
[1].
Attempts to precipitate cytochrome P-450 
from brewer’s yeast S. cerevisiae after disrup­
tion with a Manton-Gaulin homogenizer 
using standard precipitation methods with 
ammonium sulphate, calcium ions or acetone 
resulted in an extensive loss o f enzyme. This 
was attributed to the sensitivity of the micro­
somal enzyme to conditions of high ionic 
strength and/or low dielectric constant. 
Precipitation with non-ionic polymers avoids 
extreme values of ionic strength and Juckes 
[9] reported precipitation with poly(ethylene 
glycol) as a gentle process giving a high 
recovery o f different proteins. A preliminary 
trial using poly(ethylene glycol) with an 
average molecular weight o f 6000 (PEG 
6000) to precipitate the microsomal fraction 
from centrifuged brewer’s yeast disruptate 
gave very encouraging results [10]. About 
90% enzyme recovery was obtained with a 
PEG 6000 concentration of only 6 % and 
centrifugation at 2300# for 20 min. There 
was an indication that some enzyme frac­
tionation also occurred.
The study reported here is o f the effect 
of different combinations of centrifugation 
speeds and concentrations o f PEG 6000 on 
the recovery of microsomal cytochrome 
P-450 from the centrifuged disruptate of  
S. cerevisiae.
3. THEORETICAL CONSIDERATIONS
A widely accepted mechanism for the 
precipitation of proteins by non-ionic poly­
mers is that the polymer forces solute protein 
to agglomerate, and thence precipitate, by 
steric exclusion o f the protein from the solu­
tion. This was first proposed by Laurent [11] 
from an investigation o f the effect o f dextran 
on protein solubility. Semi-empirical quan­
titative models o f the effect have been devel­
oped, based on the Cohn salting-out equation 
[9] or by considering the increase in chemical 
potential o f one solute in the presence of 
another, leading to an expression similar in 
form to the Cohn equation [12]. These, and 
a more complex expression developed by 
Hasko et al. [13], related the solubility of 
protein in a system to the concentration of  
non-ionic polymer present. These expressions 
then also describe the protein recovery ob­
tainable when the suspension is centrifuged
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with speeds and/or lengths of time sufficient 
to sediment all the agglomerated protein. 
Where lower speeds and/or shorter times are 
used, only a proportion o f the agglomerated 
protein is sedimented and so recovered. 
While the polymer concentration used deter­
mines the proportion of protein agglom­
erated, the centrifugation conditions deter­
mine the proportion of agglomerates sedi­
mented. Such an effect is evident in the 
results described below, and, based on these, 
a semi-empirical model is suggested here, 
using an elementary particle statistics ap­
proach.
From the steric exclusion mechanism of 
protein precipitation, it seems reasonable to 
suppose that the excluded protein molecules 
form agglomerates whose sizes depend on 
the concentration of polymer used. If sedi­
mentation of such agglomerates follows 
Stokes’ Law, the time t taken for a single 
spherical particle o f diameter d to settle from 
a distance u to v from the liquid surface in 
a radial direction is given by
18 r? (L  + u\
t= d W A p 111 ( z n r )  (1)
where L  is the radius o f the inner liquid sur­
face, co is the singular velocity, Ap is the 
density difference between the particle and 
the liquid and 77 is the liquid viscosity [14]. 
For a given centrifuge configuration and 
centrifugation time
co2d 2 = constant (2 )
The centrifugal acceleration is proportional 
to co2, so that the diameter o f the largest 
particle that can escape sedimentation is 
inversely proportional to the square root of 
the centrifugal acceleration used.
If the addition of a given concentration 
of polymer gives rise to a definite pattern 
of protein agglomeration and aliquots of the 
suspension are centrifuged for a constant 
time using different centrifugal accelerations, 
the resultant protein recoveries from the 
aliquots should indicate the size distribution 
of the protein agglomerates in the suspension. 
This neglects the effects o f start-up and run­
down time in a batch centrifuge, the effect 
of polymer concentration on the viscosity 
and density o f the liquid medium and the 
effect o f agglomerate size on the relative
densities o f agglomerates and liquid medium. 
Apart from that limitation, a plot o f the un­
recovered enzyme fraction against the recip­
rocal square root o f the centrifugal accelera­
tion used should follow a pattern similar to 
that o f the agglomerate size distribution in 
the suspension.
The agglomerate sizes in a suspension are 
likely to show a normal distribution, as 
materials showing a normal distribution of  
particle sizes are found chiefly among the 
particulate substances produced by chemical 
processes like precipitation [14].
If the protein agglomerate size distribution 
is taken as being normal and the diameter 
of the largest agglomerate that can escape 
sedimentation is proportional to the recip­
rocal square root o f the centrifugal accelera­
tion used, then a plot o f the fraction of  
enzyme not recovered against the reciprocal 
square root o f the centrifugal acceleration 
should have the shape of the cumulative 
normal distribution function 0 .
The percentage P of enzyme recovered is 
then given by
P = 1O O {1-0(/i)} (3)
where
h=  -{R-1/2- ( R sor 1/2} (4)
a
R  is the centrifugal acceleration used, 0(/i) 
is the cumulative normal distribution func­
tion o f h and o is its standard deviation, and 
R  50 is the centrifugal acceleration giving 
50% enzyme recovery with the polymer con­
centration used.
After evaluating h for a particular system, 
0 (/i) can be found from statistical tables or 
calculated using Hastings’ approximation:
_
0(/I) ~ 1 ~  (0-31949 ~  °-3566<72+
+ 1.7815g3 -  1.8213g4 + 1.3303q5)
(5)
where
q = -------- - --------- (6 )
1 + 0.23164h
4. MATERIALS AND METHODS
Yeast, S. cerevisiae (NCYC 240), was 
grown in batches o f 4 1 under glucose repres­
sion by the method of Wiseman and Lim [3].
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The yeast was harvested when its level of 
cytochrome P-450 reached a maximum, 
after 24 - 44 h fermentation, and transferred 
to 1  1 bottles for centrifuging at 1 0 0 0 # for 
5 min in an MSE “Coolspin” centrifuge main­
tained at 4 °C. The yeast sediment was re­
suspended in a 0.1 M Tris-HCl buffer o f pH
7.1, containing 0.001 M dithiothreitol, to 
give a final yeast concentration of about 250 
g (wet weight) I-1 . Tris buffer was used in 
preference to phosphate buffer as phosphate 
interferes with subsequent immobilization 
o f the enzyme preparation.
The yeast suspension was disrupted in an 
APV Manton-Gaulin homogenizer at 60 MPa. 
The disruptate was collected in an ice-cooled 
container and centrifuged at 1500# for 5 min 
to sediment intact cells and cell debris. The 
supernatant was retained and the sediment 
was resuspended to approximately 15 wt.% 
(wet) in the buffer. The resuspended sediment 
was passed through the homogenizer at a pres­
sure o f 60 MPa. The disruptate was centri­
fuged at 1500# for 5 min and the supernatant 
was combined with that from the first pass. 
The combined supernatants were frozen at 
—80 °C in 20 ml plastic tubes and stored at 
this temperature until required. Prior to use, 
the required number of aliquots were thawed 
slowly at ambient temperature, combined 
and assayed spectropho to metrically for cyto­
chrome P-450 by the method of Omura et 
a l  [7].
Samples of thawed supernatant were 
mixed with preweighed quantities of PEG 
6000 to give concentrations of 0.5%, 0.8%, 
1.8% and 3% w/v of PEG 6000 in 10 ml 
tubes. The tubes were mixed on a “Whirli- 
m ix” and allowed to stand for 30 min 
before being centrifuged for 5 min in an MSE 
“Minor” centrifuge. Centrifuge speeds giving 
accelerations o f 500g, 700g, 1200g, 1800# 
and 3000# were used, calculated from the 
rotation speed in accordance with the equa­
tion given in the manufacturer’s handbook. 
The centrifuged sediment was resuspended in 
buffer to a volume o f 1 0  ml and assayed for 
cytochrome P-450. Concentrations of PEG 
6000 in yeast disruptate o f values between 0 % 
and 3% w/v were prepared and assayed for 
cytochrome P-450. It was found that the pres­
ence o f PEG 6000 at the concentrations used 
did not significantly affect the spectropho- 
tometric assay o f the enzyme.
All chemicals and reagents were o f analyt­
ical grade and were purchased from BDH Ltd. 
All experiments were carried out at room 
temperature.
5. RESULTS
The percentage enzyme recoveries obtained 
with the different combinations o f PEG 6000 
concentration and centrifugal acceleration 
are plotted in Fig. 1. The data points are 
adjusted to zero to allow for the small quan­
tity of cytochrome P-450 sedimented by the 
effect of centrifugal acceleration alone, 
attributed to residual whole cells in the super­
natant from the disruptate.
As expected, the percentage enzyme 
recovery increases with increasing centrifugal 
acceleration used and with increasing con­
centration of PEG 6000 used, though neither 
in a linear fashion. A high percentage recovery 
is obtainable using relatively low centrifugal 
accelerations of 3000g or less together with 
concentrations o f PEG 6000 of 3% or less.
It is also evident that as the concentration 
of PEG 6000 used is increased, the centrifugal 
acceleration required to achieve a given per­
centage enzyme recovery is reduced, so that 
PEG 6000 can be considered as replacing
90
-o
-9?80-
70-
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o 40-
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20-
10-
% (w/v) PEG 6000
Fig. 1. Plot o f percentage enzyme recovery against 
percentage (w/v) concentration o f PEG 6000 used, 
using different centrifugal accelerations: — , 3000g; 
- o - ,  1800g; —X—, 1200g; - v - ,  7 0 0 g ; - ^ ,  500g.
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centrifugal acceleration in achieving a partic­
ular level o f enzyme recovery.
As with the individual effects o f PEG 6000 
concentration and centrifugal acceleration, 
the replacement effect is non-linear.
The centrifugation time was the same in 
each experiment and no attempt was made 
to optimize this parameter.
6. DISCUSSION
Plots on a linear probability chart of 
percentage enzyme recovery against the 
reciprocal square root o f the centrifugal 
acceleration used gave good straight lines 
for the two mid-range polymer concentra­
tions used (0 .8 % and 1 .8%), with correlation 
coefficients o f 94.6% and 98.1% respectively.
Although the highest and lowest polymer 
concentrations (0.5% and 3.0%) gave plots 
with correlation coefficients under 40%, 
this suggested that the size distribution of 
the protein agglomerates was approximately 
normal.
The centrifugal accelerations giving 50% 
enzyme recovery R  50 were determined from 
the plots for each polymer concentration 
used (G% PEG 6000) and were correlated 
logarithmically in the form
R so = AG> (7)
With the three highest polymer concentra­
tions (0.8%, 1.8% and 3.0%) only, a correla­
tion with a correlation coefficient o f 99.8% 
was obtained giving, for this batch of dis­
ruptate with the centrifugation conditions 
described earlier, A  = 1451^ and y  = —1.238 
(Fig. 2). The significance of A is that it is the 
centrifugal acceleration needed to give 50% 
enzyme recovery using 1% PEG 6000. The 
R 50 value for the 0.5% polymer concentra­
tion indicated by the probability plot was 
very much greater than that indicated by 
eqn. (7). However, from the previous assump­
tions, the implication o f eqn. (7) is that PEG 
6000 increased the effective mean diameter 
o f protein agglomerates in proportion to its 
percentage concentration to an exponent 
o f 0.619 since, from eqn. (7),
(R 50) - 1/2 = A - 1/2G~y/2 (8 )
and so
(R S0)~1/2 = 0.0263G 0'619 (9)
10s-I
10'-
10"-
10s -
103-
100 -
T 1
% (w/v) PEG 6000
Fig. 2. Plot o f centrifugal acceleration giving 50% 
enzyme recovery R 50 (logarithmic scale) indicated 
by probability plots against percentage (w/v) con­
centration o f PEG 6000 used.
No obvious trend was evident in the values 
of the standard deviations indicated by the 
probability plots, except that those o f the 
three highest polymer concentrations used 
were about 0.5 to 0.7 times the respective 
values o f R S0~1/2. An average value of 0.53 
times the value o f R S0~1/2 for each polymer 
concentration was taken as the standard 
deviation o f the resultant agglomerate size 
distribution. In so far as this is valid, it im­
plies that increasing the polymer concentra­
tion increases not only the mean diameter 
o f the protein agglomerates formed, but also 
the breadth or spread of the agglomerate size 
distribution, so that
a = 0.5 3(1? 50)-172 (10)
or
a = 0.01394G 0,619 (11)
Equation (3) then becomes
P = 100{1 -  </>(71.87G_0'619i r 1/2 -  1.89)}
(12)
Equation (12) supports the concept o f centri­
fugal acceleration being replaced by polymer 
concentration to the extent that enzyme 
recovery is very approximately a function o f  
the product o f polymer concentration and 
centrifugal acceleration. Curves generated 
from eqn. (1 2 ) o f percentage enzyme recov­
ery P against centrifugal acceleration R  
with different concentrations o f PEG 6000
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are plotted in Fig. 3 together with the exper­
imental results re-plotted from Fig. 1. The 
semi-empirical relation can be seen to give a 
fairly good description o f the effects of 
centrifugal acceleration and PEG 6000 con­
centration on enzyme yield with the three 
highest polymer concentrations, but not 
with the lowest (0.5%). For comparison, the
90-,
70-
8 50-
30-
10-
1000 2000
C entrifugal a ccelera tion  (g)
3000
Fig. 3. Curves generated from eqn. (12) showing 
calculated percentage enzyme recovery against centri­
fugal acceleration used, with different percentage 
concentrations o f  PEG 6000 and data from Fig. 1 
re-plotted for comparison. (O, 3.0% PEG 6000; • , 
1.8% PEG 6000; v , 0.8% PEG 6000; A 0.5% PEG 
6000.)
90-r
70-
| 50-
3 30-
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70 905030
Actual enzyme recovery (%)
Fig. 4. Percentage enzyme recovery calculated from 
eqn. (12) plotted against experimental enzyme 
recoveries obtained. (O, 3.0% PEG; • , 1.8% PEG; 
V, 0.8% PEG; A 0.5% PEG.)
enzyme yield values calculated from eqn. 
(12) are plotted against the experimental 
values in Fig. 4.
These results suggest that the effect of 
PEG 6000 on the recovery o f microsomal 
cytochrome P-450 from this batch of yeast 
disruptate can be described quantitatively 
as increasing the mean effective agglomerate 
diameter in proportion to the polymer con­
centration to the power o f 0.619, and as 
increasing the spread of the agglomerate 
size distribution approximately in propor­
tion to the mean effective agglomerate 
diameter.
7. CONCLUSIONS
The use o f poly(ethylene glycol) at con­
centrations o f a few per cent (w/v) enabled 
a high recovery of a microsomal enzyme from 
a microbial disruptate to be obtained with 
minimal denaturation using centrifugation 
with accelerations o f only a few thousand 
times g  to give a high-concentration low- 
purity enzyme preparation.
Quantitatively, the effect o f the polymer 
is fairly consistent with its increasing the 
mean effective diameter o f protein agglom­
erates in proportion to the polymer con­
centration to the power o f 0.619, and with 
its increasing the spread of agglomerate sizes 
produced approximately in proportion to 
the mean effective agglomerate diameter.
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APPENDIX A: NOMENCLATURE
A  centrifugal acceleration giving 50%
enzyme recovery with 1% w/v poly­
mer concentration 
d diameter of spherical particle
g  acceleration due to gravity
G concentration of non-ionic polymer
(% w/v)
h number o f standard deviations between
R~1/2 and R so~1/2 in the normal distri­
bution of R~1/2 
L  radius of the inner liquid surface in
the centrifuge 
P percentage enzyme recovery
PEG poly(ethylene glycol)
q parameter used in Hastings’ approxima­
tion for the cumulative normal distribu­
tion function, defined in eqn. (6 )
R centrifugal acceleration (Xg)
R 50 centrifugal acceleration giving 50%
enzyme recovery 
t sedimentation time
u, v radial distances from inner liquid
surface 
y  empirical exponent
Greek letters 
r\ liquid viscosity
Ap density difference between particle
and liquid 
o standard deviation of 0
0  cumulative normal distribution func­
tion
co angular velocity
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Recovery of microsomal cytochrome P-450 from Saccharomyces cerevisiae using
poly(ethylene glycol) precipitation
ANDREW  M. SADLER,* M ICHAEL A. WINKLER* 
and ALAN W ISEM ANf
*Department o f  Chemical Engineering and  t  Department o f  
Biochemistry, University o f  Surrey, Guildford,
Surrey GU2 5XH, U.K.
For immobilization o f cytochrome P-450 and other uses, the 
microsomal fraction o f  the yeast containing the enzyme has 
hitherto been prepared by a lengthy multi-step process requiring 
high-speed centrifugation at 108 000 g  for lh  (Azari & 
Wiseman, 1982). Alternative microsome preparation methods 
we have tried were those o f Cinti et al. (1965) (Ca2+ 
precipitation with centrifuging at 27 000 g  for 15 min) and Fry & 
Bridges (1975) (isoelectric precipitation followed by centrifuging 
at 10000 g  for lOmin). The low volume capacity of centrifuges 
operating at such speeds causes a serious bottleneck in the 
large-scale production o f the enzyme. We now report a 
successful rapid method for the recovery o f  microsomal 
cytochrome P-450 using a convenient low-speed centrifugation 
o f a poly(ethylene glycol) (PEG) precipitate. The method gives 
the enzyme in a relatively high-concentration low-purity form, 
but in this instance enzyme purity is o f  secondary importance to 
enzyme concentration.
Yeast (Saccharomyces cerevisiae N.C.Y.C. no. 754, derived 
from N.C.Y.C. no. 240) was grown under glucose repression 
(Wiseman & Lim, 1975) to a final biomass concentration o f 7 0 g 
wet wt./litre, containing 8-10nm ol o f cytochrome P-450/g wet 
wt. o f yeast. Cytochrome P-450 was assayed spectrophoto- 
metrically by the method o f  Omura e t al. (1975) and protein by 
that o f Lowry et al. (1951). The yeast broth was centrifuged at 
lOOOg for 5 min to sediment the cells. The supernatant was 
discarded and the yeast resuspended in 0.1 M-phosphate buffer, > 
pH 7.2, containing 1 mM-EDTA and 1 mM-dithiothreitol, to give 
a concentration o f 300 g wet wt. o f  yeast/litre. The yeast 
suspension was then passed twice through an APV M anton- 
Gaulin homogenizer operating at 60 MPa (600 bar). The 
disrupted material was centrifuged at 1500g for 5 min to 
sediment intact cells and cell debris. The separated supernatant 
contained 25 to 35% of the enzyme originally in the yeast, and 
to this was added 12% PEG (average mol.wt. 6000) at room 
temperature. The solution was placed in a cold-room at 8°C  and 
stirred for lh , then centrifuged in a low-speed centrifuge at 
2300g  for 20 min. This gave a slurry-like sediment rather than a 
solid pellet. Cytochrome P-450 was not detected in the 
supernatant, and the recovery o f microsomal cytochrome P-450 
in the precipitation stage was approx. 90%. By using a control 
sample of enzyme prepared by the multi-step method, it was 
demonstrated that PEG did not significantly affect the spectro- 
photometric assay o f cytochrome P-450. The sediment was a 
relatively high-concentration low-purity enzyme preparation 
suitable for immobilization, the required enzyme concentration 
being obtained by resuspending the sediment in the appropriate 
volume of buffer. Further investigation o f the precipitation using 
different PEG concentrations between 1% and 20% (Fig. 1) 
showed that although the amount o f cytochrome P-450/g  
sediment, indicating percentage recovery, was highest when 
PEG concentrations of 8% and above were used, the amount of  
cytochrome P-450 in the microsomal particles per mg o f  
protein is highest with PEG concentrations between 4 and 8%. 
These precipitation profiles show that the cytochrome P-450 in 
the microsomal particles is precipitated separately from the bulk 
o f the protein.
.= 2
° 1
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Fig. 1. Precipitation profiles o f  microsomal cytochrome P-450  
from  S. cerevisiae with different proportions o f  PEG  6000
Disrupted yeast was centrifuged at 1500g for 5 min, and the 
supernatant was treated with PEG and stirred for lh  at 8°C . 
The PEG-treated solution was centrifuged at 2300 g  for 20 min 
and the resulting sediment and supernatant assayed for 
cytochrome P-450 and protein. # ,  Specific concentration o f  
enzyme in nmol o f cytochrome P-450 per mg o f protein in 
sedimented PEG precipitate. ▲, Cytochrome P-450 present in 
sedimented PEG precipitate expressed as a percentage o f that 
originally present in the supernatant from the centrifuged 
disrupted material.
The multi-step method for producing a preparation rich in 
microsomal cytochrome P-450 gives -60-70%  recovery o f  
enzyme from the disrupted material, with 0.036 nmol o f  
cytochrome P-450/m g o f protein. The rapid method described 
here, taking about the same time o f l$h, gives 85—90% recovery, 
with 0.02 nmol o f cytochrome P-450/m g of protein.
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